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ABSTRACT 
 
Water pollution by heavy metals is a serious problem in South Africa due to mining 
activities, electroplating industries, weathering of minerals and soils and coal 
combustion. Most river systems have been exposed to heavy metals contamination 
due to effluent disposal and this directly affects communities that use these sources 
for domestic purposes. For example, Umtata River which is exposed to Cd(II) is 
used for various purposes by a large population of the Transkei, most of which is 
rural - domestic (cooking, drinking and washing), agricultural (that is, livestock 
watering and irrigation), and recreational purposes (swimming). Water pollution by 
heavy metals such as, Cd(II) in particular is unavoidable and it causes undesirable 
health effects, such as hypertension and kidney failure. Thus, it is very important to 
find new ways to efficiently remove these metals from water. 
Nanostructured membranes are amongst other water treatment methods that have 
shown the ability to efficiently remove heavy metals from water. Therefore, this study 
seeks to provide a facile and effective method to remove heavy metals such as 
cadmium(II) from synthetic solutions and industrial water effluents. This was 
achieved by embedding carbon nanodots (CNDs) on a polyethersulfone (PES) 
membrane as support via phase inversion. The synthesized CNDs and fabricated 
membranes were characterized using Transmission Electron Microscopy (TEM), 
Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, scanning 
electron microscope (SEM), Atomic Force Microscope (AFM), contact angle and 
pure water flux assessment. 
TEM analysis confirmed that the synthesized CNDs were well dispersed with 
uniform shape and size (6.7±2.8 nm). Raman analysis illustrated that the CNDs 
were embedded on the PES and that after blending the PES with CNDs the ID/IG 
ratio slightly increased after modification of the membranes with CNDs showing that 
the membranes maintained good structural integrity. The CNDs/PES membranes 
showed improved hydrophilicity compared to the pristine PES.   
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At constant pressure of 300 kPa the flux of pristine PES, 0.01% CNDs/PES, 0.05% 
CNDs/PES and CNDs/PES was 60.00 L.m-2.h-1, 96.93 L.m-2.h-1, 142.16 L.m-2.h-1 
and 196.62 L.m-2.h-1 respectively. 
The performance of the membrane was optimised using batch adsorption 
experiments. The analysis revealed that 95.71, 96.32, 97.69 and 99.78% Cd2+ was 
removed by PES, 0.01% CNDs/PES, 0.05% CNDs/PES and 0.5% CNDs/PES, 
respectively at optimum conditions: 30 minutes contact time, at pH 5 and 0.5 ppm 
Cd(II) solution. The membrane, which contained 0.5% CNDs/PES, showed the 
highest percentage removal. This was due to the –OH and enhanced -COO- on the 
membrane composite, which could be attributed to the increase in the presence of 
CNDs within the membrane. 
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CHAPTER 1:  
 INTRODUCTION 
 
 
1.1 Problem statement  
In Africa, the scarcity and contamination of the water resources has led to a huge 
research in the continent. Water contamination due to heavy metals has become a 
worldwide concern since the 1990s and has been a challenge for many 
environmental scientists [1]. The contribution of metal contamination in aquatic 
environments is caused by the colossal quantity of toxic heavy metals exuded in 
these environments by anthropogenic activities as well as by natural actions. These 
high concentrations of heavy metals are found mostly in sediments than in the water 
columns because they tend to amass in bottom deposits because of their high 
density than water [2]. Cadmium(II) (Cd2+) is one of the most commonly encountered 
toxic heavy metals in water. It is demonstrated that +2 oxidation state is the 
abundant and most toxic of its compounds although it also exists in +1  
state [3]. 
Cadmium(II) has been widely dispersed in the environment through industrial 
processes such as printed board manufacturing, metal finishing, plating, textile 
dyes, manufacturing of nickel-cadmium batteries, mining and smelting [4]. It is also 
distributed through man-made ways such as utilization of compost and discarding 
of Ni-Cd batteries where the cadmium is deposited to the rivers by the rain [5].  
Cadmium(II) can bioaccumulate in seafood and plants and this presents some 
potential human health dangers as some plants and seafood are consumed by 
humans and animals. Human exposure to Cd2+ can lead to many types of diseases 
such as nephrotoxicity, kidney disease, renal function hypertension, hepatic injury, 
lung damage and teratogenetic effects, skeletal deformation (Itai-itai) and 
  Chapter 1: Introduction 
2 
cardiovascular diseases [6]. Cd2+ is also a carcinogen which means it is capable of 
causing cancer in living tissues [1], [2], [6], [7]. South Africa has had some disputes 
concerning the Cd2+ levels in river water. The normal concentration of Cd2+ in 
freshwater should be 0.005 mg/L as expected in the South African Water Quality 
guidelines  
Range guideline is 0 to 0.005 mg/L in river water for domestic use according to 
Department of Water affairs and Forestry (DWAF) [8]. Water samples collected from 
South African water systems such as the Tyume River, Buffalo River, Keiskamma 
River, Umtata River and Sandile Dam were found to have elevated concentrations 
of Cd2+. The concentrations ranged from 0.003 to 0.044 mg/L. Tyume River had the 
highest Cd2+ concentrations from 0.030 ±0.002 to 0.044 ±0.003 mg/L. This is mainly 
due to the water runoffs from agricultural soils where phosphate fertilizers were used 
and Cd2+ is a common impurity in phosphate fertilisers [4], [8]– [1 0]. Therefore, this work 
seeks to monitor and adsorb cadmium(II) from water and industrial effluents.  
1.2 Justification  
The literature has demonstrated that carbon nanodots (CNDs) are a new member 
of the fluorescent carbon material with diameter below 10 nm and they are very 
applicable in adsorption [11]. They are becoming an alternative to metal-based 
nanodots because of their composition, excellent biocompatibility, intense 
photoluminescence and low toxicity [12] [13].  
Aji et. al. (2017) investigated the natural sorbents (adsorbents) materials for 
removing heavy metals nickel-ions in the wastewaters using carbon nanodots from 
frying oil. It was shown that they could remove heavy metal nickel-ions in the 
solution. Electric current from the solution of heavy metal nickel-ion decreased with 
the number of CNDs and time that used in the process of removal. The results 
proved that CNDs from frying oil have a great potential as a natural  
sorbent [14].  
In this study CNDs will be used mainly because of the presence of hydroxyl (OH-) 
and carboxylate (COO-) functional groups in them, fluorescence properties, good 
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biocompatibility, low toxicity and hydrophilicity [15]. They will be embedded on a 
microporous membrane made of polyethersulfone (PES) to increase the 
membranes hydrophilicity. Secondly, they will increase permeability and impact on 
the removal of Cd2+ via and adsorption since they are good natural adsorbents.  
1.3 Aim and objectives of the study  
The aim of this study was to develop a method to remove Cd(II) in water with the 
aid of carbon nanoparticles embedded on a polyethersulfone membrane and 
detection of Cd(II) using anodic stripping voltammetry (ASV).  
  
The objectives of the study were:   
 To synthesize carbon nanodots and characterise them using Fourier 
transform infrared spectroscopy (FTIR), Raman spectroscopy, Transmission 
Microscopy (TEM).  
 To embed the carbon nanodots onto the membrane via phase inversion. 
Characterisation techniques such as scanning electron microscopy (SEM), 
contact angle, atomic force microscopy (AFM) and flux measurement will be 
used.   
 Optimisation of adsorption parameters which include pH, adsorbent dose, 
eluent concentration, analyte concentration and contact time to determine at 
which parameters the modified membrane adsorbs at its full adsorption 
potential.   
 Then the membranes will be applied to synthetic and real water samples for 
the removal of cadmium(II).  
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 Detection of cadmium(II) using anodic stripping voltammetry (ASV) and 
comparison of the results with Inductive coupled plasma optical emission 
spectroscopy (ICP-OES).  
1.4 Dissertation outline  
The outline portrays a brief description of what will be discussed in each chapter.  
Chapter 1  
This chapter deals with background information of the research project. The 
problem, proposed solution as well as the project aims and objectives are presented 
in this chapter.  
Chapter 2  
An in-depth and overall literature review that relates to this study with regards to the 
occurrence and prevalence of cadmium is discussed. The health implications of 
these toxic metal and the methods of their removal are reviewed. This chapter also 
highlights the advancing application of carbon nanodots embedded to 
polyethersulfone membrane in water treatment technologies since their full potential 
in water purification processes is yet to be fully comprehended.  
Chapter 3  
This chapter highlights the methods used to synthesise the carbon nanodots and 
the membranes. The characterisation methods and methods used for application of 
the carbon embedded membranes are discussed.  
Chapter 4  
The synthesis and characterisation of carbon nanodots and composite membrane 
modified with CNDs towards the removal of cadmium [Cd(II)] are discussed. The 
effect of pH, time, standard concentration and composite concentration on the 
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removal efficiency of cadmium was monitored. This chapter also highlights the 
application of the membrane composites and the optimisation.  
Chapter 5  
Remarks on the highlights of successful synthesis and application of the carbon 
nanodot embedded membranes for the removal of cadmium are outlined. 
Concluding remarks and recommendations on improvement of the current work are 
be outlined.  
Appendix  
Illustrates selected raw data for the results illustrated in chapter 4 
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CHAPTER 2:  
 LITERATURE REVIEW 
 
 
2.1 Introduction 
One of the most important natural sources is water and is used for domestic, 
industrial, agricultural and mining purposes. Safe drinking water is necessary for 
human health but due to water pollution, it is also a major source of infection. When 
unwanted substances enter water systems, water pollution occurs, and this changes 
the quality of water and may to some degree be harmful to the environment and 
human health. Some of the major causes of water pollution are the discharge of 
domestic and industrial effluent wastes, marine dumping, radioactive waste and 
atmospheric deposition [1]. Heavy metals disposed through industrial effluent wastes 
can accumulate in lakes and rivers and find their way into water streams. It has been 
discovered that approximately 50% diseases are water borne [2][3]. Therefore, it is 
imperative to find affordable and efficient solutions for cleaning water and improving 
its quality to maintain better lives in our communities. 
 
2.2 Heavy metal prevalence 
Generally, heavy metals are metals with a density ranging from 3.5-7 g/cm3 and are 
toxic or poisonous at low concentrations [4]. Arsenic, cadmium, chromium, copper, 
nickel, zinc, lead and mercury are some heavy metals with importance in the 
environmental context. Heavy metals are non-biodegradable in nature and are 
found in the earth’s crust. They can also be found in the environment through 
processes such as mining activities, industrial discharge, and household 
applications into nearby water bodies. 
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Some heavy metals (iron and zinc) have an essential role in the metabolism of 
humans and animals in very trace amounts but their high concentrations may be 
detrimental. They enter the human body through air, water and food.   
Vetrimurugan et.al. (2017) conducted a study on metal concentration in the tourist 
beaches of South Durban which is deemed to be one of the industrial hubs in South 
Africa [5]. The study was done on 43 sediment samples from 7 beaches (as exhibited 
in (Figure 2.1) Acid leachable metals such as (Fe, Mg, Mn, Cr, Cu, Mo, Co, Pb, Cd, 
Zn and Hg) were analysed. It was distinguished that the metal concentrations from 
all the 7 beaches were higher than the background reference values (avg. µg/g) for 
Cr (223-352),Cu (27.67-42.10), Mo (3.11-4.70), Ni (93-118), Co (45.52-52.44), Zn 
(31.26-57.01) and Hg (1.13-2.36) which suggested the influence of industrial 
effluents and harbor activities in this region[5].  
 
Figure 2.1:  Maps of the 7 South Durban beaches where sampling was  
done [5] 
Vetrimurugan et. al. (2016) also conducted another study on the bioavailable metals 
in tourist beaches of Richards Bay (Kwazulu Natal) [6]. On this study 53 surface 
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sediment samples were assessed for acid leachable trace metals. The results for 
(avg. µg/g) Fe (3530-7219), Mn (46-107.11), Cd (0.43-1.00) and Zn (48-103.98) 
showed that the beaches were enriched with metal concentration naturally through 
the weathering process and with some local industrial sources. 
Moris et. al. (2016) carried out a study on shark parasites as bio-indicators of metals 
in two South African embayment’s [7]. Here the concentration of metals in the tissues 
of sharks collected in False Bay and Saldanha Bay were analysed, also the metal 
concentration in the tissue of the parasites Gyrocotyle plana and Proleptus obtusus 
were also analysed. The G. plana results showed accumulation of As (4073.52 ± 
5561.54 µg/g), Mn (522.16 ± 578.21 µg/g), Pb (64.87 ± 101.7 µg/g), Ti (1821.42 ± 
1348.16 µg/g) and Zn (12439.57  ± 9743.60 µg/g) which when compared to baseline 
values showed that the accumulation of the metals in G. plana are orders of 
magnitude higher than those in the surrounding environment. 
Genthe et. al. (2016) conducted a study on the reach of human health risks 
associated with metal/metalloids in water and vegetables along a contaminated river 
catchment: South Africa and Mozambique [8]. In vegetables uranium was found to 
be between 10 to 20 times above in South Africa and between 3 to 6 times in 
Mozambique with arsenic posing the highest cancer risk in water. It was envisaged 
that even with a reduction in the metal concentrations in river water from South 
Africa to Mozambique, the potential to cause adverse human health impacts from 
direct use of polluted river water is evident in both countries. 
Nuapia et. al. (2018) undertook an assessment of heavy metals in raw food samples 
from open markets in two African cities namely Kinshasa (Democratic Republic of 
Congo) and Johannesburg (South Africa) [9]. Hundred and twenty different food 
samples comprising of cabbage, bean, beef and fish were collected. These were 
digested and analysed using ICP-OES and mercury analyser. The investigation 
revealed that the mean level of trace elements ranged Al:1.62 ± 0.32 to 52.10 ± 
3.45, As: 1.62 ± 0.32 to 5.33 ± 1.04, Cd: 0.16 ± 0.09 to 3.93 ± 0.12, Cr: 0.58 ± 0.24 
to 17.29 ± 2.03, Cu: 0.69 ± 0.15 to 15.70 ± 1.67, Hg: 1.53 ± 0.1 to 2.94 ± 0.23, Mn: 
5.34 ± 1.37 to 18.31 ± 3.45, Pb: 0.16 ± 0.09 to 4.14 ± 1.08, Se: 0.18 ± 0.08 to 1.41 
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± 0.97, Zn: 5.47 ± 1.83 to 75.12 ± 5.67 mg.kg-1. The average values of As, Cd, Cr, 
Cu, Hg, Mn, Pb, Se and Zn in raw foods collected from Johannesburg market were 
significantly higher (p<0.05) than those from the Kinshasa market. It was concluded 
that the levels of the most studied metals in the raw foods were exceeding the 
recommended maximum acceptable limit proposed by the Joint FAO/WHO Expert 
Committee on food. This observation was done due to the contamination by trace 
elements in the environment as a result of human activities such as indrustrial 
processes, agricultural processes and car exhaust. 
Okem et. al. (2014) conducted a study on heavy metal contamination in South 
African medicinal plants and in the study the levels of heavy metals in frequently 
used South African medicinal plants was quantified [10]. It was found out that of the 
22 samples analysed some of the plants contained high levels of Al [5559 and 4392 
mg/kg dry weight (DW)] and Fe (4164 and 4465 mg/kg DW), It was also discovered 
that levels of As and Hg were above the WHO limits in most of the samples analysed 
[10]. This could have been due to irrigation systems used to water the plants or the 
soil that may have been contaminated by heavy metals. 
Amongst heavy metals, cadmium is one of the highly toxic heavy metals that is that 
is released into the environment through industrial processes and application of 
phosphate fertilizers [11]. 
2.2.1 Chromium 
Chromium (Cr) is a transition metal that exists in the oxidation states from 0 to VI. It 
is primarily found in the environment in the Cr(III) and Cr(VI) states. These oxidation 
states differ in their toxicity, bioavailability and mobility. Cr(VI) has a higher level of 
toxicity than Cr(III) at same concentrations and is a known carcinogen through 
inhalation and it possesses severe effects when ingested. Some of the effects of 
chromium uptake include skin irritation and lung carcinoma [12]. Chromium has a 
widespread use and this use has led to concerns over Cr(VI) pollution of the 
environment. It enters the environment through industrial wastewater and cooling 
towers and can enter drinking water supplies through corrosion inhibitors used in 
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pipes and through contamination of leaching from sanitary landfill [13]. Though there 
are conventional methods to remove chromium like precipitation, it has been 
researchers priority to mitigate Cr(VI) in water because the conventional methods 
require close monitoring. 
2.2.2 Mercury 
Mercury (Hg) in any form is poisonous and its toxicity commonly affects the 
neurological, gastrointestinal and renal systems. It can enter the human body 
through vapor inhalation, ingestion, injection and absorption through the skin. It is a 
highly toxic element and the atmosphere has been identified as a major pathway by 
which it reaches and contaminates ecosystems. The major source of mercury 
pollution is from emission from coal combustion [14]. Although the concentration of 
Hg is not high in coal, the amount of Hg released as pollution globally is of 
significance because of the large amounts of coal burned in power plants [15]. Hg is 
emitted both in the elemental state (Hg(0)) and ionic state (Hg(II)) [16].  
2.3 Cadmium 
Cadmium (Cd) is listed as the 64th in relative abundance amongst the naturally 
occurring elements and is found in most of its compounds in the +2 oxidation state 
like zinc and it also has properties similar to mercury like having a lower melting 
point as compared to other transition metals. It is composed of 8 isotopes of which 
+2 are radioactive and +3 are expected to decay but under laboratory conditions 
studies have shown that it does not happen [17], [18]. The detection of cadmium has 
has gone to extreme measures in some rivers in the Eastern Cape, South Africa as 
shown in Figure 2.2.  
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Figure 2.2:  A map showing the prevalence of cadmium in Eastern Cape, 
South Africa [17] 
2.3.1 Prevalence of Cd 
Cd(II) is mostly found as a by-product during the refining of zinc, lead and copper 
from their ores. Cd(II) is also found as a by-product from mining, smelting and 
refining of sulphuric ores of zinc and to a lesser degree, lead and copper. Figure 2.3 
displayed some sources of cadmium in coastal areas and its bioaccumulation in the 
environment. 
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Figure 2.3:  An image showing the sources and pathway of cadmium into 
coastal areas [19] 
Greenockite (cadmium sulphide, CdS) is the only cadmium ore of interest because 
it is isostructural with sphalerite at low temperatures and also isostructural with 
wurtzite at high temperatures. The concentration of cadmium(II) is between 0.1 and 
0.5 parts per million (ppm) in the earth crust. It is found in the environment from 
natural sources and in processes such as erosion, abrasion of rocks, soil, forest 
fires and volcanic eruptions. About 10% of Cd(II), is produced from dust during the 
recycling of iron and steel scrap. Phosphate fertilizers contain varying amounts of 
Cd(II) of about 300 mg/kg which makes the agricultural soils prone to high 
concentrations of Cd(II). It is estimated that 1.0 mg/kg is present in sea and river 
water and this is due to human activities including fossil fuel combustion, municipal 
waste, electric and electronic waste. In natural waters, Cd(II) is found mainly in 
bottom sediments and suspended particles. The acidity of the water has been found 
to influence considerably the solubility of Cd(II). In acidic water (pH = 2) there are 
high chances that the Cd(II) will dissolve [17]–[20]. Cd is generally found in the 
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dissolved ionic form Cd(II) in water. Cd binds strongly to sulphydryl groups, hence, 
the pronounced tendency of cadmium(II) to bio accumulate in the food chain [21]. 
2.3.2 Health effects of Cd 
Generally, Cd(II) has been found to be very toxic to fish, other aquatic life and plants 
[22]. It has been found to be very toxic to man as well because its expulsion from the 
human body is very low and it has interactive toxicity with other metals. Hence it is 
vital to remove it from polluted water [22], [23]. Drinking water containing Cd(II) that is 
over the limit of 0.005mg/L as stated by the World Health Organization guidelines 
for long periods of time causes antagonistic health consequences such as nausea, 
salivation, diarrhea, renal disturbances, muscular cramps, lung insufficiency, bone 
lesions hypertension and cancer [24], [25]. 
2.4 Methods for removal of Cd(II) 
Cd(II) is very toxic, persistent and bio-accumulates, hence it is imperative to remove 
it from drinking and  irrigation water [21]. This can prevent its detrimental effect on 
the environment and living organisms. Only a few studies have been carried out on 
Cd(II) levels in the South African environment. Literature has suggested that many 
methods including chemical precipitation, ion exchange reverse osmosis, and 
adsorption have been applied to remove Cd(II) with adsorption being the most used 
because of its low cost and simple use [24]. Adsorbents such as carbon based nano 
adsorbents, magnetic metal oxides (metal oxide nano adsorbents, zero-valent iron, 
magnetite and maghemite.) and membranes to mention just a few have been used 
[23], [24], [26], [27]. However, it is still exceedingly anticipated to find more efficient and 
cost effective adsorbents for the removal of Cd(II) and other heavy metals in water 
[26]. 
2.4.1 Chemical precipitation  
This is a process in wastewater treatment where a soluble metal in water changes 
into an insoluble form known as a precipitate. It is used to remove metallic cations 
in water by adding counter-ions to reduce the solubility [28]. Figure 2.4 illustrates an 
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example of a process flow diagram for a tubular membrane filter metals precipitation 
system.  
 
Figure 2.4:  Example process flow diagram for a tubular membrane filter 
metals precipitation system [28] 
Oncel at. al. (2013) did a comparative study of chemical precipitation and 
electrocoagulation for treatment of coal acid drainage wastewater [29]. The research 
did a comparative study between chemical precipitation and electrocoagulation (EC) 
to remove heavy metals such as Fe, Al, Ca, Mn, Zn, Si, B, Pb, Cr and As from a 
coal mine drainage wastewater (CMDW) at a laboratory scale. The EC process 
results were >99.9% which means as compared to the removal efficiency of 
chemical precipitation which ranged from 28.4% to 99.96% and the EC was more 
efficient. It was also observed that the EC process was a much cheaper (1.98 €/m3) 
process than the chemical precipitation ( 4.53 €/m3). 
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Figure 2.5:  Experimental setup used in the EC process [29]  
Mbamba at.al. (2015) did a generalized chemical precipitation modelling approach 
in wastewater treatment applied to calcite [30]. The aim of the study was to identify a 
broadly applicable precipitation modelling approach and two experimental platforms 
were used. The results showed that the baseline model should include precipitation 
kinetics, 1st order effect of the mineral particulate state and have a 2nd order 
dependency on thermodynamic supersaturation and constant composition method 
experiments were best to use to confirm the baseline model, particularly the 
dependency on supersaturation. 
Zhang et. al. (2018) investigated the determination and application of the solubility 
product of metal xanthate in mineral floatation and heavy metal removal in in 
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wastewater treatment [31]. The results showed that for a given metal xanthate was 
found to decrease with the increase of the carbon chain length of the alkyl group 
and the determined solubility products of metal xanthates were in the order of ZnX2> 
CdX2> PbX2 > M(BX)2. 
Lee at.al. (2018) investigated the adsorption and precipitation of cadmium affected 
by chemical form and addition rate of phosphate in soils having different levels of 
cadmium [32]. It was concluded that precipitation of Cd(H2PO4)2, CdCO3 and Cd-
phosphate might be a dominant mechanism to immobilize Cd, besides adsorption 
in soil with relatively high Cd levels (1000 mg/kg). 
Agustiono et. al (2006) carried out a study in physio-chemical treatment techniques 
for wastewater laden with heavy metals [33]. In this study the technical applicability 
of various physio-chemical treatments for the removal of various heavy metals such 
as Cd(II), Cr(III), Cr(VI), Cu(II), Ni(II) and Zn(II) from polluted water. The removal 
efficiency of Zn (II) (450 mg/L), Cd(II) (150 mg/L) and Mn (II) (1085 mg/L) was 
99.77%, 99.67% and 99.30 % respectively. The disadvantage of using this method 
was that the treated effluent was unable to reach the limit set by the US EPA which 
is lower than 1 mg/L. Some of the major disadvantages of this method involve high 
operating costs, low metal recovery and a high cost of disposing the precipitated 
sludge that is formed.  
2.4.2 Ion exchange 
This is a method where contaminants are removed from water by exchange of ions 
of the same charge between an insoluble solid and a solution. Both the pollutant 
and the exchanged substance must be dissolved and have the same type of 
electrical charge [34]. When Kurniawan et. al (2006) did a study on physio-chemical 
treatment techniques for wastewater laden with heavy metals, it was found out that 
the Cd(II) removed from the water was 90% and as compared to the chemical 
precipitation this was much less [33]. This method is disadvantageous because the 
ion exchangers require high operational costs and their greatest impediment is that 
they must be cleaned because of their high level of saturation. 
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Electorowicz et. al (2008) investigated the removal of heavy metals from oil sludge 
using ion exchange textiles [35]. The results showed that when acetone was used as 
an organic solvent removal of vanadium, cadmium,zinc, nickel,iron and copper was 
99%, 96%, 94%, 92% and 89% respectively. 
Otrembska et. al (2016) conducted a study on the separation of nickel(II) and 
cadmium(II) ions with ion-exchange and membrane processes [36]. The results 
showed that % recovery was 12.3% Ni & 81.6% Cd for SLM, 4.25% Ni & 52.8% Cd 
for PIM and 64.2% Ni & 68.7% Cd for IM.It was concluded that higher recovery factor 
were obtained for for supported liquid membranes and the highest initial metal fluxes 
of Ni(II) andCd(II) ions was obtained with the use of ion-exchange membranes. 
Tavakoli et. al (2017) conducted a study on the competative removal of heavy metal 
ions from squid oil under isothermal condition byCR11 chelate ion exchanger [37]. 
The removal ability of of heavy metalions from contaminated oil was perfomed by 
CR11 chelate ion exchanger and it showed facilitated removal from metal soap and 
oil phase at low temperatures compared to general purpose PEI-chitosan bead and 
PEI-chitosan fiber sorbants. The chelation behaviour of Pb2+ and Cd2+ was the same 
in the oil, with maximum values of 5.7 x 10-3 (mol/L) at 573 K, respectively. 
Ma et al (2018) conducted an investigation into the ion exchange homogeneous 
surface diffusion modelling by binary site resin for the removal of nickel ions from 
wastewater in fixed beds [38]. It was concluded that a homogeneous surface diffusion 
model, incorporating a HDSM diffusion coefficient and an external mass transfer for 
the two systems: the values Ni-Na (Ds = 224 x 10-7 cm2/s; kf = 5.41 x 10-7) and Ni-
H (Ds = 3.60 x 10-10 cm/s; kf = 5.41x 10-3 cm/s)respectively, was developed. This 
was developed to predict the nickel breakthrough curve based on this binary ion 
exchange material. This model gave very good agreement between the theoretical 
breakthrough curve and the experimental breakthrough curve. 
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2.4.3 Reverse osmosis 
This type of water purification method uses membrane filters that are said to 
frequently reduce the levels of total  dissolved solids and suspended particles in 
water . In this process the solvent passes through the porous membrane in the 
direction opposite that of natural osmosis and is subjected to a hydrostatic pressure 
greater than the osmotic pressure. Kurniawan et. al. on the same study with on 
physio-chemical treatment techniques for wastewater laden with heavy metals 
found that with using reverse osmosis was disadvantagious because any cations of 
Cd(II) present in the polluted water promoted membrane fouling which was 
irreversable [33], [39]. 
Choudhury et. al (2011) did reverse osmosis as a pretreatment for aqueous phase 
of mine plant talings for submarine disposal study [40] and on this study the eflluent 
water from mines was passed through a variety of reverse osmosis membranes and 
the efficacy of removal measured. The results as shown on table 2.1 show that 
reverse osmosis was a very effective method for cleaning mine effluent, and it was 
concluded that in the absence of cost limitations, can provide a significant solution 
to the mine tailing problem. 
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Table 2.1: Reverse Osmosis experimental data 
 Permeate concentrations (ppm) 
Sample 
designation 
Pressure 
(psi) 
Flow 
(L/hr) 
Pb Zn Cd Fe Mn 
DK-Raw N/A N/A 20.62 8779.20 24.82 21.88 60.29 
DK-feed 
9:1 
N/A N/A 1.41 307.55 1.94 16.13 11.53 
DK-1-9/1 260 28.70 0.03 0.32 0.00 33.75 0.04 
DK-2-9/1 300 78.03 0.02 0.12 0.00 17.98 0.02 
DK-3-9/1 350 83.67 0.02 0.12 0.00 20.21 0.01 
DK-4-9/1 400 114.33 0.02 0.14 0.00 17.06 0.01 
DK-5-9/1 450 133.10 0.02 0.15 0.00 15.97 0.01 
DK-6-9/1 500 154.94 0.02 0.11 0.00 13.44 0.01 
ADF-1-9/1 700 28.38 0.00 0.03 0.00 0.10 0.00 
ADF-2-9/1 750 41.88 0.00 0.01 0.00 0.08 0.00 
ADF-3-9/1 800 54.16 0.00 0.01 0.00 0.07 0.00 
 
Kagramanov et. al (2012) reported the effect of solution composition on selectivity 
of reverse osmosis and nanofiltration membranes [41]. The experimental data shown 
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on Table 2.2 showed that the efficiency of separation in both processes increases 
with the increasing concentration of a target component in the feed solution. 
Table 2.2: Selectivity of reverse osmosis and nanofiltration (Vladipor) 
membranes experimental data 
 CdCl2 Cd(NO3)2 CdSO4 
RO, salt concentration- 50 mg/L (for 
cation) 
0.968 0.971 0.984 
RO, salt concentration- 400 mg/L (for 
cation) 
0.982 0.984 0.992 
NF, salt concentration- 50 mg/L (for 
cation) 
0.708 0.829 0.865 
NF, salt concentration- 400 mg/L (for 
cation) 
0.822 0.879 0.957 
 
Gupta et. al (2018) reported a case study on the conservavtion of ground water at 
Maheshtala bleaching and dyeing cluster, by implementing ultra filtration and 
reverse osmosis based effluent treatment plant [42]. In this case study the assesment 
of the quantity and nature effluents generated from textile bleaching and dyeing 
units in Maheshtala cluster, West Bengal, India and providing a treatment process 
to conserve ground water resources was investigated. It was discovered that after 
treatment with RO stage 1, the concentration of the BOD, COD, TDS and color was 
reduced to about 90% of the level of raw wastewater. 
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Figure 2.6:  Flow chart of wastewater treatment with ultrafiltration (UF) and 
reverse osmosis (RO) system [42] 
2.4.4 Nano-adsorbents 
Nano-adsorbants are nanoparticles used to remove pollutants.These nano-
adsorbants are caple to remove pollutants even at low concentrations. This is due 
to their mechanical and chemical properties[43]. 
When a gas or liquid solute gradually gathers on the surface of a solid or a liquid 
(adsorbent) forming a molecular or atomic film (the adsorbate), adsorption is 
achieved. This process works in most natural physical, biological, and chemical 
systems, and is vastly used in industrial applications such as activated charcoal, 
synthetic resins and water purification. Among other water purification methods, 
adsorption is considered to be very suitable for wastewater treatment because of its 
simplicity, cost effectiveness, high efficiency and easy handling [44][45] 
Naushad et. al (2013) investigated the adsorption of cadmium ion using a new 
composite cation exchanger polyaniline Sn(IV) silicate: kinetics, thermodynamic and 
isotherm studies [46]. An organic-inorganic composite cation exchanger polyaniline 
Sn(IV) was synthesized and the adsorption properties for different metal ions was 
investigated. The results revealed that polyaniline Sn(IV) silicate had the highest 
adsorption capacity for Cd(II) ion (2.40 meq/g). 
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Yao et. al (2014) conducted a study on batch experiments to study the adsorption 
behavior of cadmium ion onto the synthetic ferrihydrite [47]. The results showed that 
the maximum percentage of cadmium ion adsorbed can reach 89.9% at pH 7.5. It 
was concluded that the amount of cadmium adsorbed varies with initial solution pH 
and inorganic ligand (nitrate, carbonate, chloride and sulphate) concentration. 
Jiawei et. al (2016) investigated the utilization of aluminium hydroxide waste 
generated in fluoride (F) adsorption and coagulation process for adsorptive removal 
of cadmium ion.  The results showed that the the adsorptive capacity of Al(OH)3-
Fads and Al(OH)3-Fcoag for Cd(II) was similar to that of pristine Al(OH)3, being 24.39 
and 19.90 mg.g-1 respectively. This adsorption was identified to be dominated by 
ion-exchance with sodium ion (Na+) or hydrogen ion (H+), surface microprecipitation 
and electrostatic attraction. 
Gorimbo et. al (2018) conducted a study on the adsorption of cadmium, nickel and 
lead: equilibrium, kinetic and selectivity studies on modified clinopltilolites from the 
United Statesof America and South Africa. The selectivity sequence according to 
equilibrium studies was found to be Pb2+> Cd2+> Ni2+. Examples of equilibrium 
adsorption capacities for RSA and USA clinoptilolite modified with Na+ for Cd were 
23.34 mg/g and 20.66 mg/g when RSA-Na+ and USA-N+ were used respectively. 
This revealed the potential of clinoptilolite in metal- polluted industrial effluent 
treatment. 
Zare et. al (2018) conducted a review on nanoadsorbents based on conducting 
polymer nanocomposites with main focus on polyaniline (PANI) and its derivatives 
for removal of heavy metal ions/dyes [48]. It was concluded that a wide range of 
nanoadsorbents based on PANI and its derivatives have been considered for their 
ability to remove heavy metal ions/dyes such as Cu (II), Co(II), Cd(II), Pb(II), As(V), 
Hg(II), MB, MG, MO, CR, RB, humic acid, etc. from wastewater/aqueous solutions. 
Generally, the nanoadsorbents based on PANI and its derivatives show better 
efficiency for the removal of heavy metal ions/dyes. 
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2.4.5 Magnetic nano-adsorbants 
Magnetic nano adsorbents have been used broadly in environmental applications 
and showed favourable performance for pollution removal and toxicity reduction. 
Amongst the many used, scientists have greatly gained interest in nano zero-valent 
iron, magnetite and maghemite nano adsorbents for environmental applications of 
contaminated water. Heavy metals such as chromium, arsenic, cadmium can be 
immobilised or removed by zero-valent iron [49]. Apart from their great removal 
performance, they can also be treated and reused by desorbing the contaminants 
and regaining the removal capacity. This large removal capacity, fast kinetics and 
high reactivity is due to their small particle size and high surface area to volume 
ration which makes them useful to water and wastewater treatment. The 
disadvantage of this type of nano adsorbents is that, it has been suspected that 
because of their magnetic properties, enhancement of their aggregation occurs and 
this reduces their removal capacity [50]. 
Kumar el. al (2014) reviewed a study on the removal of cadmium ion from 
water/wastewater by nano-metal oxides [51]. In the review paper an overview of the 
use of nano-metal oxides as an adsorbant for cadmium removal in water/wastewater 
was provided. Table 2.3 showed some of the different environmentally friendly, low-
cost and efficient nano-metal oxides for Cd removal in water/wastewater. It was 
concluded that the removal efficiency of functionalised nano-metal oxides was 
higher than the traditional sorbents. 
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Table 2.3: Some of the nano-metal oxides for removal of Cd ions from 
water 
Adsorbant Adsorption capacity of 
Cd (mg/g) 
Zinc oxide 
Titanium dioxide 
Hydrous manganese dioxide 
Aluminium oxide 
387 
15.2 
143.31 
83.33 
 
El-Deen et. al (2016) conducted a study on the immobilisation of TiO2-nanoparticles 
on sewage sludge and their adsorption of Cd removal from aqueous solutions [52]. 
The results showed that the langmuir isotherm was a better fit compared to 
Freundlich isotherm and the maximum adsorption capacity was found to be 29.98 
mg/g. It was bconcluded that TS400 was the promising and effective for removal of 
Cd ions from aqueous solution . 
Bok-Badura et. al (2018) reported on the sorption studies of heavy metal ions on 
pectin-nano-titanium dioxide composite adsorbent [53]. The adsorption capacities 
were 1.37, 0.68, 0.51 and 0.83 mmol/g for Cu(II), Cd(II), Zn(II) and Pb(II), 
respectively. This results showed that the titanium dioxide contributes to the removal 
of the investigated metal ions and eventually to the adsorption capacity of hybrid 
beads. 
Chen et al (2017) developed FeO4 salfonated magnetic nanoparticles (FeO4-SO3H 
MNP) for heavy metals removal from water [54]. These magnetic nanoparticles 
showed rapid removal for Pb(II) and Cd(II) with maximum adsorption capacity of 
108.93 mg/g and 80.9 mg/g at 25ºC, respectively. One of the disadvantages of this 
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kind of adsorbent is the binding of ethylenediamine acetic acid (EDTA) to the FeO4 
nanoparticles because EDTA is toxic and may induce skin rash to some extent [54]. 
2.4.6 Bioadsorbants 
Bioadsorbants are biological material that have the ability to accumulate heavy 
metals from wastewater through metabolically mediated or phisio-chemical 
pathways of uptake. In the method of biosorption the bioadsorbants cellular stucture 
binds with the contaninants. 
Afshin Maleki et. al (2011) reported on aqueous cadmium removal by adsorption on 
barley hull and barley hull ash [55]. It was discovered that the maximum adsorption 
was 95.8% for barley hull and 99.2% for burley hurl ash. This showed that burley 
hull ash was a more suitable adsorbant than burley hull for the removal of cadmium 
in wastewater. This could be because the ash was much smaller in size and 
therefore the surface area for adsorption was increased. Hence in this project, 
carbon nanodots will be applied due to their ability to absorb, and high surface area 
due to size which enhances adsorption. 
Chao et. al (2012) investigated on the adsorption of copper(II), cadmium(II) and 
lead(II) from aqueous solution using biosorbents [56]. The results as seen on table 
2.4 showed that bioadsorbants with higher oxygen content generate high adsorption 
capacities and the capacities of CM and PF were estimated from the Langmuir 
isotherm and are similar to those reported by others regarding biosorbents. 
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Table 2.3: Adsorption capacities for bioadsorbents with varying oxygen 
content 
 R2 Henry 
adsorption 
constant 
(KH) 
b(Qmax) 
 
Freundlich 
 
Langmuir 
 
mg/kg 
 
mmol/kg 
 
Cd 
CM 
SB 
PF 
0.927 
0.938 
0.945 
0.964 
0.996 
0.969 
64.2 
39.7 
15.8 
135.185 
23.226 
86.747 
1203 
205 
772 
 
Ni 
CM 
SB 
PF 
0.838 
0.931 
0.861 
0.995 
0.997 
0.988 
83.4 
16.9 
13.0 
70.790 
120.039 
20.637 
1206 
207 
352 
 
Pb 
CM 
SB 
PF 
0.987 
0.988 
0.992 
0.987 
0.989 
0.994 
27.5 
27.2 
14.9 
154.498 
28.273 
109.915 
746 
136 
530 
 
Ca 
CM 
SB 
PF 
0.996 
0.894 
0.948 
0.997 
0.992 
0.951 
120 
24.2 
14.7 
83.700 
16.085 
30.093 
1317 
253 
474 
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Sulaymon et. al (2013) conducted a competative biosorption study of lead, 
cadmium, copper and asernic ions using algae where a series of batch experiments 
were done in a batch reactor to obtain equilibrium data for adsorption of single, 
binary, ternary and quaternary metal solutions[57]. The removal studies were carried 
out at the optimum pH of 5 and the results showed that in order to reach 90 % 
reomoval efficiency the agitation speed was 300, 600, 500 and 600 for Pb2+, Cd2+, 
Cu2+ and As3+, respectively. The kinetics investigation of the equilibrium data 
showed that the biosorption of Pb2+, Cd2+, Cu2+ and As3+ onto algae followed well 
the pseudo-second-order kinetic model. 
Jafari et. al (2015) conducted a study on the removalof cadmium  from aqueous 
solution by brown seaweed,Sargassum angustifolium [58]. The results according to 
the kinetic studies showed that the cadmium biosorption included in the two-stage 
mechanism with a rapid initial stage during the first 30 min of contact were almost 
90 % of initial cadmium concentration was eliminated. 
Rani et. al (2018) conducted a study on the novel hybrid biosorbents of agar: 
swelling behavior, heavy metal ions and dye removal efficacies. Based on 
percentage of metal ion adsorption efficacy results, following order Fe3+ > Mn2+ > 
Ni2+ > Cr3+ was observed for metal ion removal efficacies. The results showed 
potential applications for enviromental remeditation from the textile effluents and 
heavy metal ions contaminated water bodies. 
Due to the disadvantages of the above methods which include high operational cost, 
expesive equipment, incomplete metal removal, high energy equipment and 
generation of toxic residual sludge in this research carbon nanodots will be used for  
Cd removal. 
2.4.7 Carbon nanodots 
Carbon nanoparticles are black spherical high surface area graphitic carbon. They 
are typically 10-45 nm with specific surface area in the 30-50 m2/g range. Their 
structures include nanorods, nanowhiskers, nanohorns, nanopyramids and 
nanotubes [59]. Carbon nanotubes as adsorbents have received considerable 
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attention in recent years because they provide chemically inert surface for physical 
adsorption and their structure is well-defined and uniform with size less than 100 nm 
[60]. They also have very high aspect ratio and extraordinary mechanical properties 
(strength and flexibility) [61]. One of the advantages of carbon nanotubes is that they 
have less toxic effects as compared to magnetic nanoadsorbents [62]. 
Mubarak et. al (2014) reviewed several studies reported for the removal of  heavy 
metals from waste water using carbon nanotubes [63]. In this review, brief summaries 
of liquid pollutant purification were reviewed. It was concluded that compared to 
activated carbon, the carbon nanotubes in the separation process for the removal 
of heavy metal cations had major improvements. 
Ihsanullah et al (2015) studied the absorptive characteristics of cadmium on 
modified structures of carbon nanotubes (CNTs), carbon nanofibres (CNFs), 
activated carbon (AC) and fly ash (FA) [27]. The maximum adsorption capacities of 
the modified adsorbents were observed to be 2.02 mg/g, 1.98 mg/g, 1.22 mg/g and 
1.58 mg/g for CNTs, AC, CNFs and FA. In this project the CNDs, will be embedded 
on a membrane to enhance adsorption. 
2.4.8 Membrane Technology 
Membrane technologies play a very important role in water purification and energy 
sustainability. Some of the membranes including desalination by reverse osmosis 
(RO), membrane reactors, membrane based fuel cells to mention just a few, are 
already applied in industries at scale. Membranes have the advantage of meeting 
sustainability criteria in terms of environmental impacts, land usage, ease of use, 
flexibility and adaptability [64]. 
2.4.8.1 Liquid membranes 
Mortaheb et al (2009) used an emulsion liquid membrane to remove cadmium from 
wastewater [64]. The emulsion phase was stabilised by a polyamine-type surfactant 
and tri-iso-octyl amine (TIOA) and was used as a carrier to transfer the cadmium 
through the membrane. The optimum operation conditions were determined by 
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varying several parameters such as surfactant concentration, carrier concentration, 
pH of external and internal phase, oil to internal phase volume ratio, emulsion to 
external phase volume ratio, solvent type, solute concentration, presence of iodide 
and chloride in external phase and mixing conditions , and the results showed good 
performance in the separation process. 
2.4.8.2 Nanofiltration membranes 
Qdais et. al (2004) did a comparative study on removal of heavy metals from 
wastewater by membrane processes applying reverse osmosis (RO) and 
nanofiltration (NF) technologies [65]. Results showed that high removal efficiency of 
the heavy metals could be achieved by RO process (98% and 99% for copper and 
cadmium, respectively). NF, however, was capable of removing more than 90% of 
the copper ions existing in the feed water. However, these methods are subjected 
to the drawback of membrane fouling hence this work is based on embedding 
carbon nanodots to delay fouling and improve cadmium absorption. 
2.4.8.3 Electrospun membranes 
Hota et al (2008) reported that sorption of Cd(II) by boehmite impregnated 
electrospun membrane was possible and capacity of 0.20 mg/g was achieved [66]. 
The boehmite impregnated membrane was prepared by electrospinning and PCL 
and Nylon-6 used as support for the boehmite. The disadvantage of this method 
was that the sorption capacity of the boehmite nanoparticles was compromised, as 
it declined from 0.34 mg/g to 0.20–0.21 mg/g following its inclusion in the polymer 
matrix. 
2.4.8.4 Membrane bioreactors 
Fabio et. al reported of Porto-Maghera on the treatment of petrochemical 
wastewater by employing membrane bioreactors [67]. In this case study the 
effectiveness of membrane technology to treat petrochemical wastewater was 
studied. The results showed that the removal was obtained with B, Ba, Al, Ni, Se 
and Zn at <30%, Pb, Hg, Cu, Ag, Cr and Co at 40-70% and Fe at >70%. 
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2.4.8.5 Ion exchange membranes 
Nemati et. al (2017) did a study on novel electrodialysis cation exchange membrane 
prepared by 2-acryamido-2methylpropane sulfnic acid; heavy metal ions removal 
[68]. On this work heterogeneous cation exchange membrane composed of poly vinyl 
chloride (PVC) and 2-acrylamido-2-methylpropane and the membranes were 
fabricated with different fractions of AMAH to optoimize the perfomance in 
desalination. The membranes perfomance in potassium and heavy metal ions 
removal showed a remarkable separation capacity of K+ (99.9%), Pb2+ (99.9%) 
and Ni2+ (96.9%) which showed desirable potential for scaling removal.  
2.4.8.6 Adsorptive membranes 
Adsorptive memmbranes are membranes combined with adsorbants and are 
named mixed matrix membranes andtheey are used to treat wastewater. Micro 
filtration and ultra filtration membranes are the mostly used because of their high 
water permeability, low operating pressure and low cost. In this study 
polyethersulfone (PES) will be embedded with CNDs to synthesize the adsorptive 
membrane. 
Polyethersulfone membrane is a synthetic polymer composed of repeating aryl-
ether groups, spaced by sulfur groups. It is an inherently hydrophillic membrane 
thatwets out quickly and completely resulting in fast filtration with superior flow 
ratesand high throughputs. It exhibits high glass transition temperature, good 
dimensional stability, excellent oxidative and thermal stability as well as low 
flammability. However, it’s hydrophobic character is a limiting factor in water filtration 
due to membrane fouling, low flux and low functionality.  
2.5 Motivation for this study 
The reviewed literature section identifies the tenacity of heavy metals in South 
African water systems. The prevalence, health effects and methods of removal for 
these heavy metals are also explored. Limitations of conventional water treatment 
methodologies such as ion exchange, reverse osmosis, chemical precipitation and 
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adsorption have been evaluated with regards to the removal of heavy metals in the 
water systems. On the contrary,  adsorptive membranes are highlighted as the 
method of choice for heavy metal (cadmium) removal from water. Literature has 
shown minimal information on the removal of cadmium in South African water 
systems and as indicated, cadmium has reached ghastly levels which are over the 
standard limit accepted by the department of water affairs and forestry. Literature 
reviewed in this study, reveals that CNDs/PES adsorptive membranes have never 
been prepared and employed for the removal of cadmium in water. Thus this study 
seeks to address that issue. 
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CHAPTER 3:  
 EXPERIMENTAL METHODOLOGY 
 
3.1 Introduction  
This chapter comprises of the detailed discussion of the experimental procedures 
executed to successfully reach the aim and objectives of this study.  
3.2 Experimental  
3.2.1 Materials  
Commercially supplied pure oats from jungle oats produced in South Africa was 
purchased from the local supermarket. Polyethesulfone (PES), polyvinylpyrrollidine 
(PVP) and 1-methyl-2-pyrolidinone (NMP) were purchased from Sigma Aldrich 
(USA). The glassy carbon electrode (GCE), reference electrode and platinum 
auxiliary electrode were purchased from BASi (USA).  
3.2.2 Preparation of carbon nanodots  
Carbon nanodots (CNDs) were synthesized according to a method reported by Shi 
et al (2015) with modification [1]. Oats (20 g) was placed in a crucible, transferred 
into a muffle furnace and pyrolyzed at 400˚C for 2h instead of being microwaved as 
reported by Shi (2015). The black product was cooled to room temperature and then 
mechanically crushed to a fine powder. The powder was then dispersed in ultrapure 
water and centrifuged several times to remove larger particles. The carbon nanodots 
aqueous suspension was filtered and the CNDs powder were obtained after drying 
in an oven at 80˚C for 24h.  
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3.2.3 Preparation of membranes  
Phase inversion via immersion precipitation was used to synthesize the 
membranes. This method allows for the change in phase of materials from the liquid 
to solid phase. Different amounts of CNDs were mixed with 1-Methyl-2-Pyrrolidone 
(NMP) and sonicated for 15 min to encourage dispersion (See Table 3.1). PES  
(16 g) and polyvinnylpyrrolidine (2 g) were added to the CNDs mixture and stirred 
for 24h to prepare the casting solution. A casting knife 
(Elcometer3545AdjustableBirdFilmApplicator) was used to cast a 150 µm 
membranes on a glass plate. After casting, the solutions were immediately 
submerged in a coagulation bath containing water (non-solvent). The membranes 
were further submerged into another water bath for 24 h to ensure that it was free 
from NMP solvent. The membranes were then air dried for 24 h and sandwiched 
between plain sheets of paper for storage.  
Table 3.1:  Material amounts for composite membrane synthesis   
Membranes  CNDs  NMP  PES  PVP  
Pure PES  0  80 mL  16 g  2 g  
0.01% CNDs/PES  0.01g  79.09 mL  16 g  2 g  
0.05% CNDs/PES  0.05g  79.05 mL  16 g  2 g  
0.5% PES/CNDs  0.5g  79.50 mL  16 g  2 g  
  
3.3 Instrumentation  
3.3.1 Transmission electron microscopy (TEM)  
The morphology and size distribution of the CNDs was characterised by TEM using 
JEOL JEM-2100 (Pleasanton, California, USA). The samples were prepared by 
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mixing the CNDs with ethanol and sonicated. A drop of the solution was placed on 
a carbon-coated copper grid and then air dried at room temperature [2]. This was 
analysed under the microscope accelerating at a voltage of 200 kV.  
3.3.2 Fourier transform infrared spectroscopy (FTIR)  
Pristine CNDs, pristine PES, 0.01 % CNDs/PES, 0.05 % CNDs/PES and 0.5 % 
CNDs/PES were analysed using a Fourier Transform Infrared (FTIR) (Perkin Elmer, 
Spectrum 100, Shelton, Connecticut, USA). The powder samples were mixed with 
KBr (ratio 1:100) and pressed into a pellet. The membrane samples were analysed 
by placing the active part of the membrane on the sample holder of the ATR 
component of the FTIR. The powder and membrane samples were analysed in the 
range of 400-4000 cm-1 averaging 32 scans with a spectral resolution of 4 cm-1.  
3.3.3 Raman  
Raman spectroscopy was used for surface characterization of the partially ordered 
carbon nanodots. A Raman (Perkin Elmer, Raman Micro 200, Waltham, 
Massachusetts, USA) was used with an output laser power of 50%. The spectra 
were recorded over a range of 50-3270 cm-1 using a spectral resolution of  
2.0 cm-1. The spectra were averaged with 20 scans at an exposure time of 4s.  
3.3.4 Contact angle  
The hydrophilicity of the membranes was analysed using a sessile drop method on 
a Data Physics optical contact angle instrument (SCA 20 software, (UK)) [3]. The 
membrane was mounted to be in line with the water dispenser. Ten drops were 
dispensed in different areas of the membrane surface to obtain an average contact 
angle measurement. All measurements were carried out at room temperature.  
3.3.5 Membrane flux  
Sterlitech dead-end filtration system was used to evaluate the pure water flux of the 
pristine and modified membranes. The membranes were first compacted at 300 kPa 
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for 15 min for stabilization. Six different pressures were used to determine for flux 
measurements from 300 kPa, 250 kPa, 200kPa, 150 kPa, 100kPa and 50 kPa and 
the flux calculated using Equation 3.1  
                     (3.1)  
Where J is the water flux (L/m2h), V is the permeate volume (L), A is the membrane 
area (0.00146 m2) and Δt is the change in filtration time (h).  
3.3.6 Scanning electron microscopy (SEM)  
Scanning electron microscopy was used to study the surface morphology and cross-
sectional images of the membranes. For cross sectional image analyses the 
membranes were frozen in liquid nitrogen and then fractured. For both surface 
morphology and cross-sectional image analyses the membranes were mounted on 
a carbon tape on sample holders and coated with carbon. Scanning electron 
microscopy (SEM) images were analysed at an accelerating voltage of 2 kV using 
a TESCAN Vega TC instrument (VEGA 3 TESCAN software). The SEM instrument 
was equipped with an X-ray detector for energy dispersive X-ray analysis (EDX) 
which was operated at 5 kV.  
3.3.7 Atomic force microscopy (AFM)  
The membrane’s topological properties and roughness (Rq) were analysed using 
Veeco Dimension 3100 atomic force microscope instrument (AFM) equipped with 
V530r3sr3 software (USA) in 3D mode at 5 µm scan. The tip was mounted onto 225 
µm cantilever with a spring constant of 2.8 N/m.  The membranes were analysed by 
mounting the samples on a carbon tape with active side facing the cantilever, 
membranes were analysed at scan rate of 1 Hz and resonance frequency of 75 kHz. 
The surface roughness parameter (Rq) was used to explain the surface mean 
roughness (Ra) of the membranes.  
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3.4 Adsorption experiments  
A method adopted from a study perfomed by Zhu et al (2015) with modification was 
used to carry out batch adsorption experiments [4]. PES membrane (16 cm2) was 
immersed in 25 mL of Cd2+ synthetic solutions and shaken at different time intervals 
(1, 5, 15, 30, 60 and 120 minutes). The supernatants were then collected and 
analysed using Square Wave Voltammetry (SWV) and inductively coupled plasma 
optical emission spectroscopy (ICP-OES). The effect of pH, contact time, standard 
concentration and carbon nanodots concentration on membranes were investigated 
for both SWV and ICP-OES measurements. The amount of Cd2+ adsorbed was 
calculated using Equation 3.2.   
R (%) =                         (3.2)   
Where Ci (mg/L) is the initial concentration of the metal ions in aqueous solution, Cf 
(mg/L) the final concentration of the metal ions in solution. The adsorption capacity 
of the system was also calculated using Equation 3.3.  
             (3.3)  
Where Ci is the initial concentration of Cd2+, Cf is the Cd2+ concentration after 
adsorption (mg/L), A is the membrane area (cm2) and V is the volume of the Cd2+ 
solution (L).  
3.4.1 Electrochemical measurements  
Electrochemical techniques are normally described as ones that the measurement 
is based on the signal for either current, potential or impedance. A three-electrode 
system (Figure 3.1) consisting of a working electrode (where current is observed) 
and a reference electrode (which is used as reference in measurement).  
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Figure 3.1: Setup of a three-electrode system [5] 
3.4.1.1 Square wave voltammetry (SWV)  
Cd2+ concentration was analysed using Ivium Technologies Compact-stat 
potentiostat (Ivium Netherlands). A 3 mL three electrode configuration was used 
consisting of a glassy carbon electrode (GCE) as the working electrode, platinum 
wire as the counter electrode and Ag/AgCl (3 M KCl) as the reference electrode. 
Before each experiment, the GCE was polished with 1.0, 0.3 and 0.05 µg of alumina 
powder and washed in ethanol and water.  
3.4.1.2 Cadmium detection  
Square wave anodic stripping voltammetry (SWASV) was used to detect Cd2+ in 
synthetic solutions and real water solutions. The synthetic solutions ranged from 0.1 
ppm to 10 ppm. A bare GCE was used as the working electrode and was optimised 
by investigating electrochemical parameters such as pH, electrolyte, 
electrodeposition time and electrodeposition potential.  
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3.4.1.3 Optimisation and characterisation of the glassy carbon electrode 
(GCE)  
A bare GCE was electrochemically characterised using cyclic voltammetry (CV) in 
a [Fe(CN)6]-3/-4 redox probe in the presence of 0.1 M HCl as the supporting 
electrolyte. The optimisation of glassy carbon electrode was carried out by 
electrodeposition using CV and square SWV at the potential range of -0.2 V to  
0.6 V for 10 cycles at a scan rate of 50 Mv/s.    
3.4.2 Inductively coupled plasma-optical emission spectroscopy (ICP-OES)  
To confirm the results for square wave anodic stripping voltammetry cadmium 
detection an inductively coupled plasma-optical emission spectroscopy (iCAP 6000 
Duo, Thermo Fisher Scientific equipped with a charge injection device (CID) 
detector (USA)) was used. The Cd2+ solutions were quantified before and after 
adsorption. For real water samples the 0.1 M nitric acid was added to digest the 
samples and then filtered with 0.22-micron filters. The calibration curve was done 
using 5 standards, 0.1 ppm, 0.5 ppm, 1 ppm, 5 ppm and 10 ppm Cd2+ standard 
solutions and 3 replicate measurements were averaged. The same method for 
cadmium detection was done for interference studies and a calibration curve done 
on 5 standards, 0.1 ppm, 0.5 ppm, 1 ppm, 5 ppm and 10 ppm multi-elemental 
standard solutions containing Cd2+, Zn2+, Pb2+ and Hg2+. 
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Table 4.6:  Operating Parameters of ICP-OES  
ICP-OES parameters  Operating values  
Plasma Power  1400 W  
Pump speed  30 rpm  
Coolant flow  12 L/min  
Auxiliary flow  1 L/min  
Nebulizer flow  0.80 L/min  
Stabilisation time  10 sec  
Pre-flush time  45 sec  
Replicate  3  
 
3.4.3 Student t-test  
The results for Cd2+ concentration determined by using ASV and ICP-OES were 
compared by conducting a student t-test. This was done to express the confidence 
intervals and to determine if the two Cd2+ concentration means (concentration 
averages from ASV and ICP-OES) are reliably similar or different from each other.  
The t-test was calculated using equation 3.4.  
            (3.4)  
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Where t-calculated is the value of the t-test, SD is the standard deviation, mean is 
the mean value of the unknown and n is the degree of freedom obtained. 
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CHAPTER 4 
RESULTS AND DISCUSSION 
 
4.1 Introduction  
The results discussed in this chapter proceed from the experimental procedures 
outlined in Chapter 3, section 3.3.1 to 3.4.2. Pristine PES, 0.01 % CNDs/PES, 0.05 
% CNDs/PES and 0.5 % CNDs/PES composite membranes were characterized and 
monitored for their efficiency to adsorb Cd2+ in synthetic solution and real water 
samples.  
  
4.2 Characterization of the carbon nanodots and membranes  
4.2.1 Transmission Electron Microscopy (TEM) analysis for CNDs  
The TEM images of the carbon nanodots are shown in Figure 4.1 (A) and (B). The 
TEM micrograph shown in Figure 4.1 (B) illustrates a mean particle size of 
36.9±11.0 nm for the carbon nanomaterials before it was mechanically ground to a 
fine powder. As shown in (Figure 4.1 (B)) well dispersed and spherical carbon 
nanodots with uniform shape and size in the range of 2 to 10 nm with an average of 
6.7±2.8 nm were attained after mechanical grinding. Similar results were observed 
by Shi et. al (2015), where the researchers synthesised duel emission carbon 
nanodots from naked oats via pyrolysis and mechanical grinding and in the study 
the majority of the carbon nanodots were in the range of 7 to 11 nm with an average 
mean of 8.64±0.84 nm [1].   
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Figure 4.1: TEM Images of CNDs and corresponding size distribution 
histograms: A) Carbon nanoparticles before mechanical 
grinding, B) Carbon nanodots after mechanical grinding  
A)  
            
 
 
 
 
 
Co
un
t 
 
  
mean particle   si ze  =    36.9±11.0 
nm   
B )  
  
mean particle size = 6.7±2.8 nm   
    Chapter 4: Results and discussion  
  
52  
4.2.2 Fourier Transform Infra-red (FTIR) Spectroscopy  
FTIR analysis of the pure oats and CNDs are shown in Figure 4.2(A). The pure oats 
had characteristic peaks at 3441 cm-1, 2920 cm-1, 1628 cm-1, 1399 cm-1 and 1147 
cm-1 ascribed to -O-H, C=C, -COO- and -C-O respectively.  
Similar peaks were observed for the CNDs as illustrated in Figure 4.2 (A). The 
CNDs characteristic peaks were detected at 3441 cm-1, 2920 cm-1, 1628 cm-1, 1399 
cm-1 and 1147 cm-1 ascribed to -O-H, C=C, -COO- and -C-O ascribed to  
–C-O, C=C and -COO-, -C-H and -O-H stretching vibrations respectively. This trend 
was also observed on studies conducted by Shi et. al (2015) where FTIR was used 
to identify the functional groups of carbon nanodots [1]. In this study Shi (2015) 
observed peaks at 3426 cm-1, 3151 cm−1, 1634 cm−1 and 1400 cm−1, 1114 cm−1 and 
1165 cm−1, 952 cm−1 which were attributed to the O-H, C-H (stretching vibrations), 
COO−, C-O, O-H (bending vibrations) respectively. These results agree with the 
results observed in this current study.   
Structural modification of PES using CNDs was also determined using FTIR (Figure 
4.2(B)). The characteristic FTIR analysis and the respective peaks for pristine PES 
is shown in Table 4.1. Qu et al. (2010) observed peaks at 1600 cm-1 and 1400 cm-
1 for aromatic skeletal vibrations, 1324 cm-1 and 1239 cm-1 for C-O-C stretching and 
1151 cm-1 and 1105 cm-1 for pristine PES membranes [2]. These results agree with 
the results observed in this study. Blending the PES with CNDs introduces a new 
functionality at 3400 cm-1 which was attributed to – OH which could be attributed to 
the presence of CNDs. The absence of the other peaks from CNDs could be masked 
by the PES peaks observed between 1672 cm-1 to 500 cm-1. Further analysis in the 
following sections however clarify the presence of CNDs within the membranes.  
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Figure 4.2: FTIR analysis of (A) Pure oats and carbon nanodots (B) PES, 
0.01% CNDs/PES, 0.05% CNDs/PES and 0.5% CNDs/PES  
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Table 4.1:  FTIR Transmittance bands  
PES spectra  Wavenumber cm-1  
C6H6  
C-H  
C-SO2-C  
S=O  
1672-1581  
1477  
1327  
1153  
  
4.2.3 Raman analysis  
Figure 4.3 illustrates the Raman spectra for pure CNDs, 0.01% CNDs/PES, 0.05% 
CNDs/PES and 0.5% CNDs/PES membranes. The pure CNDs spectra showed two 
peaks generally attributed to the D-band at 1339.02 cm-1 and G-band at 1567.64 
cm-1 (Figure 4.3 (a))[3]. For the modified membranes these analyses generally show 
the G and D band at 1337.58 cm−1 and 1592.69 cm−1respectively. The G- band 
is attributed to intrinsic vibrations of sp2 bonded graphitic carbon, whilst the D band 
corresponds to defects induced in the CNDs due to the disruption of -C=C bonds [4]. 
The G band was higher than the D band, showing good structural integrity of the 
CNDs. After blending the PES with CNDs, the ID/IG ratio slightly increased from 0.74, 
0.79, 0.83 and 0.82 for Pure CNDs, 0.01% CNDs/PES,0.05% CNDs/PES and 0.5% 
CNDs/PES respectively. As illustrated in Table 4.2, the addition of the CNDs to the 
pure PES increased the ID/IG ratio which means the membrane maintained good 
structural integrity as it was increasing to closer to 1 [5].  
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Figure 4.3: Raman spectra of a) Pure carbon nanodots b) 0.01% 
CNDs/PES membrane c) 0.05% CNDs/PES membrane d) 0.5% 
CNDs/PES membrane  
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Table 4.2:  ID/IG ratio and carbon nanodots embedded membrane 
composites  
Sample  
  
Peak position/cm-1  
D-Band                G-Band  
ID/IG   
Pure CNDs  
0.01% CNDs/PES  
0.05% CNDs/PES  
0.5% CNDs/PES  
1339.02  
1337.58  
1337.58  
1337.58  
1567.64  
1567.64  
1567.64  
1567.64  
0.74  
0.79  
0.83  
0.82  
  
4.2.4 Scanning Electron Microscopy (SEM) Analysis  
Figure 4.4 illustrates SEM images of the surface and cross-section of PES and 
CNDs/PES membranes. Figure 4.4 A illustrates that the surface of PES is 
homogeneous and smooth without obvious voids or defects in comparison to the 
CNDs/PES membranes (Figure 4.4 C, E and G). The CNDs/PES membranes 
presented a relatively spongy and porous surface as the amount of the CNDs was 
increased.  
The cross-sectional SEM images of the membranes are shown in (Figure 4.4 B, D, 
F and G). The pure PES membrane (Figure 4.4 B) showed a uniform thin finger-
like structure. As the CND concentration was increased the micro voids within the 
membranes became more pronounced. In the pure PES membrane, tear shaped 
elongated micro voids were observed extending towards the permeate side of the 
membrane (Figure 4.4 B). In 0.01% CNDs/PES, 0.05% CNDs/PES and 0.5% 
CNDs/PES membranes (Figure 4.4 D, F and G), a more pronounced cross-
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sectional asymmetry could be observed. In the CNDs/PES membranes, the 
elongated narrower micro voids of pure PES transitioned into wider micro voids that 
spanned the entire cross-section of the membrane. Orooji et. al. (2017) observed a 
similar trend when a study on nano structured carbon polyethersulfone composite 
ultrafiltration membrane with significantly low protein adsorption and bacterial 
adsorption adhesion was studied. In this study it was observed that the increase in 
viscosity due to addition of the mesoporous carbon lead to slower solvent exchange 
process and eventually form larger finger like pores [6].  
A)                                                          B)  
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C)                                                          D)          
   
E)                                                          F)          
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G)                                                          H)  
  
Figure 4.4: SEM surface and cross-sectional morphologies of PES (A and 
B), 0.01% CNDs/PES (C and D), 0.05% CNDs/PES (E and F) and 
0.5% CNDs/PES (G and H)  
4.2.5 Atomic Force Microscope (AFM) Analysis  
AFM analysis was investigated out in 3D mode at 5 µm to observe the changes in 
surface topography as shown in Figure 4.5(A-D). It was observed that the surface 
of the pristine PES was smooth compared to the embedded membranes. The 
rougher surface of the embedded membranes was attributed to the addition of the 
CNDs to the pure PES. The embedded membranes also showed a varied  
ridge-and-valley structure as compared to the more uniform ridge-and-valley 
structure of the pristine PES. The roughness measurements (Rq) (Table 4.3) were 
found to confirm the afore mentioned results. The roughness measurements were 
found to be 16.4 nm, 21.9 nm, 23.7 nm and 35.9 nm for pristine PES, 0.01% 
CNDs/PES, 0.05% CNDs/PES and 0.05% CNDs/PES respectively. Therefore, the 
surface roughness was observed to increase with the increase in the amount of 
CNDs embedded to the membranes. Yuan et. al. (2018) also reported that the 
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incorporation of CNDs unto their polyethyleneimine (PEI) matrix, dip-coated on 
polyacrylonitrile support led to an increase in surface roughness from 69.5 nm to 
83.5 nm [7].   
A)            B)  
        
C)            D)  
        
Figure 4.5: AFM 3D surface images of the membranes A) Pure PES B) 
0.01% CNDs/PES D) 0.05% CNDs PES D) 0.5% CNDs/PES   
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Table 4.3:  AFM statical data  
Membrane  Surface roughness (Rq)  
(nm)  
Pristine PES  
0.01% CNDs/PES  
0.05% CNDs/PES  
0.5% CNDs/PES  
16.4  
21.9  
23.7  
35.9  
  
4.2.6 Contact Angle Analysis  
The water contact angle analysis in this study was performed using the sessile drop 
method. This was done to investigate the hydrophilic nature of the membranes. 
Figure 4.6 illustrates the contact angle analysis of the pristine PES,  
0.01% CNDs/PES, 0.05% CNDs/PES and 0.5% CNDs/PES modified membranes.  
As shown in Figure 4.6 the contact angle of pristine PES, 0.01% CNDs/PES, 0.05% 
CNDs/PES and 0,5% CNDs/PES were found to be 73.4˚±2.5, 68.2˚±7.8, 64.8˚±3.1 
and 60.5˚±3.7 respectively. Increasing the amount of CNDs was found to reduce the 
contact angle i.e. it improves the hydrophilicity of the membranes. This 
enhancement in hydrophilicity was attributed to the presence of hydrophilic 
functional groups such as -OH and COO- found in the CNDs as reported in the FTIR 
analysis (Section 4.22). A similar trend was observed by Orooji et.al (2017) In this 
study it was observed that due to the added carbonyl functional groups of the 
mesoporous carbon, the contact angle of the control PES decreased which meant 
the membrane became more hydrophilic [6]. 
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Figure 4.6: Contact angle of pristine PES and modified membranes  
4.2.7 Water Flux Assessment  
Pure water flux of pristine PES, 0.01% CNDs/PES, 0.05% CNDs/PES and 0.5% 
CNDs/PES composite membranes are is demonstrated in Figure 4.7. Figure 4.7 
shows that at a constant pressure of 300 kPa the flux of pristine PES, 0.01% 
CNDs/PES, 0.05% CNDs/PES and 0.5% CNDs/PES was 60.00 L.m-2.h-1, 
96.93 L.m-2.h-1, 142.16 L.m-2.h-1 and 196.62 L.m-2.h-1 respectively. As shown in 
Figure 4.7 the pure water flux increased with the increase in CNDs concentration in 
the embedded membranes as compared to the pristine PES. This is due to the 
hydrophilic nature of the CNDs, as increasing hydrophilicity is generally known to 
increase water flux [8]. Zinadini (2016) observed similar findings in a study 
investigating the preparation and characterization of high flux PES nanofiltration 
membrane using hydrophilic nanoparticles by phase inversion method for 
application in advanced wastewater treatment [9]. The study reports that by 
increasing of the membrane hydrophilicity with the nanoparticle’s addition, water 
molecules were attracted into the membrane matrix and were promoted to pass 
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through the membrane thus enhancing the membrane flux from 10.1 kg/m2h to  
22.6 kg/m2h for unfilled PES and modified PES respectively [9].  
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Figure 4.7: The relationship between pure water fulx and pressure  
4.3 Electrochemical characterisation  
The bare GCE was electrochemically characterised using ASV from a potential 
range of -0.500 to 1.1000 V at 80 Hz in a solution containing [Fe(CN)6]-3/-4 redox 
probe as depicted in Figure 4.8. The cadmium(II) was observed at 0.200 V. Then it 
was also electrochemically characterised using CV from a potential range of 0.200 
to 0.600 V at a scan rate of 50 mV s-1 in a solution containing [Fe(CN)6]3–/4– redox 
probe as depicted in Figure 4.9. It was observed that for the reversible redox couple, 
peak current increased with an in the scan rate at the same potential window. The 
current signal from the bare GCE is an analytical indicator that the electrode can be 
used as a suitable platform for electro analysis of cadmium(II) in water.  
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Figure 4.8: ASV of bare GCE in 10 mM [Fe(CN)6]3−/4– redox probe  
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Figure 4.9: Multi-scan CV of bare GCE in 10 mM [Fe(CN)6]3−/4– redox probe  
4.4 Optimisation of SWASV  
The electrochemical sensing parameters for cadmium(II) were optimised in order to 
improve the sensitivity towards this analyte. The optimised parameters included 
basic and acidic electrolytes, pH, deposition time and potential.  
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4.4.1 Supporting electrolyte studies  
Different supporting electrolytes such as such as sodium hydroxide (NaOH), 
potassium chloride (KCl), nitric acid (HNO3), hydrochloric acid (HCl) and sulfuric acid 
(H2SO4) as shown in Figure 4.10 were applied during electrochemical sensing to 
choose the one that is more sensitive. The basic electrolytes (NaOH and KCl) 
depicted no visible peak, meaning that they are not electrolytically supporting the 
analysis.   
The acidic supporting electrolytes (HNO3, HCl and H2SO4) gave distinctive peaks 
and the highest current signal was obtained from 0.1 M HCl in comparison to the 
peak observed in 0.1 M HNO3 and 0.1M H2SO4. Hence, 0.1 M HCl was used as an 
optimum supporting electrolyte throughout the experiments.  
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Figure 4.10: Effect of different supporting electrolytes on 10 ppm Cd(II) 
standard solution  
4.4.2 pH studies  
The supporting electrolyte plays a major role in reducing the internal resistance and 
electron migration. In this study the highest stripping current for Cd+2 in different 
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electrolytes was obtained by using 0.1M HCl as an electrolyte at pH=5 as displayed 
in Figure 4.11.  
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Figure 4.11: Effect of pH during the electrochemical sensing using GCE in 10 
ppm Cd(II) solution  containing 0.1 M HCl as an electrolyte  
4.4.3 Electrodeposition: potential and time studies  
The optimisation of the deposition time and potential of Cd2+ stripping on the 
electrode surface is crucial because it facilitates control of cadmium concentration 
on the electrode surface to enhance sensor sensitivity.  The pre-concentration time 
was optimised from 25 s to 300 s with a deposition potential of 0-250 mV. The results 
obtained in Figure 4.12 A displayed an increase in peak current signal from 25 to 
200 s, after this period, there was a decrease in the peak current signal from 220 to 
250 s. Hence, 200 s was used as the optimal electrodeposition time for all 
experiments.   
The effect of electrodeposition potential was studied by varying it from -100 mV to  
-900 mV during the detection of cadmium(II) in Figure 4.12 B. There was a decrease 
in peak current signal after -900 mV, therefore it (-900 mV) was used as the working 
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optimisation electrodeposition potential for all the electroanalytical experiments in 
this chapter.  
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Figure 4.12: The optimisation of A) electrodeposition time B) 
electrodeposition potential for Cd2+ sensing by GCE in ASV 
technique.  
4.5 Analytical Performance of the GCE (sensor)  
The calibration studies were explored by using cadmium(II) standard solutions with 
concentrations ranging from 0.1 to 10 ppm under optimised conditions (0.1 M HCl, 
200 s deposition time and -900 mV deposition potential. In each calibration point, 
three replicates of SWASV measurements (n=3) were done in order to minimise 
errors. The square wave anodic stripping voltammograms and corresponding 
calibration curve for Cd2+ determination are indicated in Figure 4.13 A and B. The 
peak current signal increase proportionally with increase in concentration.  
The linear regression equation obtained for the Cd2+ detection was found to be 
Y=1.4275x10-4 – 4.344906x10-5 with a correlation coefficient (R2) = 0.96489 (Figure 
4.13 B).  
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The limit of detection (LOD) was determined by 3σblank/slope with three times 
multiplication of the standard deviation of the blank and division by slope of the 
calibration curve.   
The limit of quantification was (LOQ) which reflected the accepted measurements 
at the lowest concentration was calculated as 10σblank/slope. The calculated LOD 
and LOQ are displayed in Table 4.4 as 0.0014 and 0.0046 ppm respectively. 
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Figure 4.13: A) Square wave voltammetry current responses of different 
concentrations and B) calibration curve of of Cd2+  
Table 4.4:  Analytical figures of merit for the determination of Cd2+ using 
GCE under optimised conditions (n=3)  
Analytical parameter  Determination of Cd2+ (0.10-10 ppm)  
Correlation coefficient (R2)  0.96489  
Limit of detection   0.0014  
Limit of quantification  0.0046  
    Chapter 4: Results and discussion  
  
69  
4.6 Batch adsorption optimisation experiments using SWASV  
4.6.1 Membrane composites   
The adsorption of Cd2+ from 10 ppm standard solution was done by using five 
membranes, which were:  pure PES membrane, 0.01 % CNDs/PES, 0.05% 
CNDs/PES and 0.5 % CNDs/PES. It was concluded that 0.5% CNDs/PES 
composite was the most efficient membrane composite during Cd2+ adsorption as it 
gave a lower current signal of 4.84x10-6 (I/µA) as seen in Figure 4.14 A with a higher 
percentage removal of 46.81% as displayed in Figure 4.14 B. This proved that an 
increase in CNDs embedded on the membrane meant more sites for the adsorbate 
(Cd2+) to bind onto the composite membranes.
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Figure 4.14: A) ASV current signals for the performance of pure PES, 0.01, 
0.05 and 0.5 % CNDs embedded on PES for the removal of Cd2+ 
B) % removal of Cd2+   
4.6.2 Adsorption pH  
The electrochemical response during cadmium(II) sensing at different pH values 
before and after adsorption of Cd2+ from 10 ppm standard solution by 0.5 % CNDs 
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on PES membrane was investigated. This membrane was chosen because it 
performed better according to the results in section 4.6.1.  It is important to carry 
out pH studies experiment because the ionic states of the analytes are influenced 
by the proton environment in which they exist [10].   
The adsorption of Cd(II) ions by the 0.5% CNDs/PES membrane was the highest at 
pH 5 and pH 6 as shown in Figure 4.15 A. At these pH values (pH 5 and pH 6) the 
maximum percentage removal was observed to be 76.08 and 53.62%, respectively 
with current signal decreasing from 1.25x10-05 to 2.99x10-06 at pH 5 and 9.68x10-06 
to 4.49x10-06 (I/µA) at pH 6.   
At pH 1, pH 2, pH 4 and pH 8, the % removal of cadmium(II) was 9.67, 6.89, 13.7 
and 23.49%, respectively (Figure 4.15 B). This was due to the fact that at strong 
acidic medium (below pH 3) the concentration of the H+ ions on the surface of the 
membrane is high and there is a competition between these ions and Cd(II), for 
active sites on the membrane [8]. This resulted in low Cd(II) uptake by the membrane 
at pH that is below 3. Therefore pH 5 was used as the optimum working pH to avoid 
the precipitation of cadmium as hydroxides at pH above 6. A similar trend was 
reported by Tshwenya et al [11].   
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Figure 4.15: A) Effect of pH during the removal of Cd2+ from 10 ppm standard 
solution by 0.5 %CNDs membrane and B) % of Cd2+ removed at 
acidic and basic pH   
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4.6.3 Adsorption contact time  
The effect of the contact time in removing Cd2+ from 10 ppm standard solution was 
optimised by applying Pure PES, 0.01% CNDs/PES, 0.05% CNDs/PES and 0.5% 
CNDs/PES membranes for 60 minutes. The current signals for all membranes 
decreased for the first 30 minutes, which meant that adsorption of Cd2+ took place 
within that period (Figure 4.16 A). There after there was a sharp increase from 30 
minutes to 60 minutes. This trend was due to the CNDs concentration gradient. This 
was attributable to the fact that the longer the contact time between the composite 
membrane and Cd(II)  solution, more Cd(II) ions were able to reach more adsorption 
active sites until equilibrium was reached. The 0.5% CNDs/PES membrane 
composite demonstrated the highest adsorption efficiency compared to pure PES, 
0.01% CNDs/PES and 0.05% CNDs/PES composite membranes  
(Figure 4.16 B). This was due to the increase in the mass of the CNDs embedded 
to the PES membrane which increased the active sites of the composite membrane. 
0.5 % CNDs/PES membrane removed most Cd(II) (46.81%) with current signal 
decreasing from 9.10x10-06 to 4.84x10-06 (I/µA) at pH 5 within 30 minutes of 
treatment. There was no further increment in percentage removal with the increasing 
time and this could be due to the saturation of the Cd(II) ions in the membrane. The 
optimum time was therefore 30 minutes for this study.    
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Figure 4.16: A) Effect of membrane contact time on Cd2+ removal B) % 
cadmium removal during the adsorption of Cd(II) by Pure PES, 
0.01% CNDs/PES, 0.05% CNDs/PES and 0.5% CNDs/PES 
membranes at pH 5 for 30 minutes  
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4.6.4 Standard concentrations  
Different standard concentrations of Cd2+(0.5 ppm, 1 ppm, 1.5 ppm, 5 ppm and 10 
ppm) were used in determining the percentage adsorbed for Cd(II) ions for 30 
minutes at pH 5 using the different membrane composites. As observed in Figure 
4.17, the decreasing concentration of Cd(II)  from 10 ppm-0.5 ppm, an increase in 
the percentage Cd2+ adsorbed by membranes was significant. The 0.5 ppm 
cadmium(II) was adsorbed the most at pH 5 within 30 minutes by all the composite 
membranes. The percentage adsorbed by pure PES, 0.01 CNDs/PES, 0.05 
CNDs/PES and 0.5 CNDs/PES was 95.71, 96.32, 97.69 and 99.78%, respectively 
(Figure 4.17 B). The percentage adsorbed increased with the increase in the 
percentage of the CNDs added to the membranes.  
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Figure 4.17: A) Removal of Cd2+ from different standard concentrations 
(0.5,1,1.5,5 and 10ppm B) % cadmium removal by Pure PES, 
0.01% CNDs/PES, 0.05% CNDs/PES and 0.5% CNDs/PES 
membranes at pH 5  
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Table 4.5: Comparison of differently modified PES membranes for Cd2+ 
removal from standard samples   
Membrane  Detection 
technique  
 % Cd2+ Removed  Literature  
0.5% CNDs/PES  GCE  
SWASV  
in  0.003 mg/cm2  Present work  
Sulfonated  magnetic 
nano-particle adsorbents  
AAS   80.9 mg/g  [10]  
Emulsion  liquid 
membrane  
AAS   0.44 mg/ml and 0.27 
mg/ml  
[12]  
A boehmite nanoparticle 
impregnated electrospun 
fibre membrane 
AAS   0.20-0.21 mg/g  [13]  
  
4.6.5 Interference studies during Cd2+ sensing by GCE  
The anodic stripping of the Cd2+ could be susceptible to interferences such as other 
metal ions. Hence interference studies were carried out at optimised conditions 
(0.5% CNDs/PES composite membrane, pH 5, 30 minutes contact time, and 0.5 
ppm concentration). The 0.5% CNDs/PES membrane was used to adsorb  
cadmium(II) in the presence of lead(II), mercury(II) and copper(II) standard 
solutions. Before the addition of interfering metal ions, 99.78% of cadmium(II) was 
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removed as stated in section 4.6.4. But after the addition of interfering ions, 
approximately 48% Cd2+ removal was achieved.  
The current signal of cadmium(II) was mostly suppressed in the presence of  
copper (II) and lead (II) before the adsorption of cadmium(II) as depicted in Figure 
4.18. After the adsorption, copper (II) is also the most removed metal ion than 
cadmium(II) because 50% of copper (II) was removed instead of Cd2+. Therefore, 
Cu2+ and Pb2+ have significant interfering effect during the analysis of Cd2+ using 
GCE in ASV technique. For future work, this membrane can be further optimised to 
remove the analyte and the interfering ions.  
   
Figure 4.18: Interference studies during Cd2+ detection under optimised 
conditions  
4.6.6 Stability studies  
The stability tests of the GCE towards Cd2+ sensing was carried out under optimum 
conditions as discussed above (section 4.3 to 4.4.5). The batch adsorption as 
discussed in Chapter 3 (section 3.4) was repeated by using the same membrane 
(0.5% CNDs/PES) at 1-day intervals. After each analysis the membrane was stored 
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in deionised water in the refrigerator and re-used after a day to test its stability. 
Figure 4.19 displayed that the membrane after being stored after each day obtained 
similar % removal of 99.78 with relative standard deviation (RSD) of ± 3.4%. This 
confirmed that the membrane was consistent during the adsorption of Cd(II) for  7 
days consecutively. After 7 days, the membrane started to tear and the % removal 
decreased from 99.78 to 95.56 %.  
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Figure 4.19: Membrane stability studies during Cd2+ electrochemical sensing 
using GCE under optimised conditions  
4.7 Cadmium(II) adsorption from real water samples  
The detection of real water samples was conducted using the optimised conditions. 
It was observed that cadmium(II) in real water samples (from Municipality, East 
London) was undetected using cyclic voltammetry. This is due to the low 
concentration of the Cd in the samples. The adsorption behaviour of Cd was 
conducted on a tap water sample spiked with 3ppm of Cd2+ as displayed in Figure 
4.20. The concentration detected when using the ASV decreased from 3.02 to 1.11 
ppm for the spiked water sample, therefore 58.38% of Cd2+ was removed.  
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Figure 4.20: Tap water spiked with 3ppm cadmium standard  
4.8 Analytical Performance of ICP-OES for Cd2+ quantification  
Similar membrane optimisation analysis for quantifying Cd2+ by ASV was carried in 
ICP-OES to assess whether the two methods correlate to each other (Refer to 4.6.1 
to 4.6.6). The detection was done on an ICP-OES (iCAP 6000 Duo Thermo Fischer 
Scientific equipped with a charge injection device (CID) detector, USA) (Refer to 
3.4.2) using the following parameters in Table 4.6  
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4.8.1 Batch adsorption experiments and Cd2+ detection with ICP-OES  
The 0.5% CNDs/PES membrane composite found to be more efficient in  
cadmium(II) removal as indicated in Figure 4.21 A and B, because before 
optimisation in ICP-OES method, above 45% of Cd2+ was removed.  
When the following parameters were optimised to pH 5, 30 minutes contact time 
and 0.5ppm Cd2+ standard solution, the 0.5 % CNDs/PES membrane removed more 
cadmium(II) from standard solution as indicated in Figures 4.22 A, B; Figure 4.23 
A, B and Figure 4.24 A, B. In Figure 4.24, it is displayed that at optimal conditions, 
above 85% of Cd2+ was removed as detected by ICPOES.  
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Figure 4.21: A) ICP Intensity signals for the performance of pure PES, 0.01 , 
0.05 and 0.5 % CNDs embedded on PES for the removal of Cd2+ 
B) % removal of Cd2+  
A)  
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 Figure 4.22: A) Effect of pH during the removal of Cd2+ from 1 ppm standard 
solution by 0.5 %CNDs membrane and B) % of Cd2+ removed at 
acidic and basic pH   
 
A)  
0 10 20 30 40 50 60
66000
68000
70000
72000
74000
76000
78000
80000
82000
84000
86000
88000
90000
92000
94000
96000
98000
100000
In
te
n
s
it
y
 (
c
p
s
)
contact ime (min)
 Pure PES
 0.01% CNDs/PES
 0.05% CNDs/PES
 0.5% CNDs/PES
 
  Chapter 4: Results and Discussion 
  
84  
B)  
0 10 20 30 40 50 60
16
18
20
22
24
26
28
30
32
34
36
38
40
42
44
C
a
d
m
iu
m
re
m
o
v
a
l 
(%
)
Contact time (min)
 Pure PES
 0.01% CNDs/PES
 0.05% CNDs/PES
 0.5% CNDs/PES
 
 Figure 4.23: A) Effect of membrane contact time on Cd2+ removal B) % 
cadmium removal during the adsorption of Cd(II) by Pure PES, 
0.01% CNDs/PES, 0.05% CNDs/PES and 0.5% CNDs/PES 
membranes at pH 5 for 30 minutes  
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Figure 4.24: A) Removal of Cd2+ from different standard concentrations 
(0.5,1,1.5,5 and 10ppm B) % cadmium removal by Pure PES, 
0.01% CNDs/PES, 0.05% CNDs/PES and 0.5% CNDs/PES 
membranes at pH 5  
4.8.2 Interference Studies with ICPOES  
Analysis for interference studies was carried out at optimised conditions (0.5% 
CNDs/PES composite membrane, pH 5, 30 minutes contact time, and 0.5 ppm 
concentration). The analysis was done on a multi-elemental standard solution 
containing Pb(II), Hg(II) and Zn(II) as illustrated in Figure 4.25. The 0.5% 
CNDs/PES membrane displayed high affinity for Pb(II) (47.0%). Before the addition 
of interfering metal ions, 89% of Cd(II) was removed as shown in Figure 4.24 and 
after the adsorption in the presence of other metals, Cd(II) adsorbed was 41%.  
Pb(II) seemed to compete for the active sites on the surface of the membrane. The 
study suggested that this membrane can also be applied in co-adsorption of Cd(II) 
and Pb(II) simultaneously which can be applicable in real water samples.  
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Figure 4.25: Interference studies during Cd2+ detection under optimised 
conditions using ICP   
4.8.3 Membrane stability studies with ICPOES  
The 0.5% CNDs/PES membrane adsorption performance was studied under 
optimum conditions by using the same membrane at different days as indicated in 
Figure 4.26.  The cadmium(II) removed was 85.78% with a relative standard 
deviation of 1.20%.   
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Figure 4.26: Membrane stability studies during Cd2+ detection using ICPOES 
under optimised conditions at different days intervals.  
4.8.4 Analytical figures of merit  
The calibration studies were performed by using cadmium(II) standard solutions with 
concentrations ranging from 0.1 to 10 ppm. The intensity signal increased 
proportionally with the increase in concentration. The linear regression equation 
obtained for the Cd2+ detection was found to be Y=109112.67791 - 68551.18779 
with a correlation coefficient (R2) = 0.98502 as shown on (Figure 4.27).  
The limit of detection (LOD) was determined by 3σblank/slope with three times 
multiplication of the standard deviation of the blank and division by slope of the 
calibration curve. The limit of quantification was (LOQ) which reflected the accepted 
measurements at the lowest concentration was calculated as  
10σblank/slope. The calculated LOD and LOQ was 7.396x10-10 and 7.0x10-9 ppm, 
respectively.  
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Figure 4.27: Inductively coupled plasma - optical emission spectrometry 
intensity responses of different concentrations during 
calibration of Cd2+ standard solutions  
4.8.5 Cadmium(II) adsorption from real water samples  
The composite membranes were further applied to remove cadmium(II) in spiked 
tap water and real water samples obtained from a Municipality in East London and 
it was detected using ICP-OES. The adsorption experiments were carried out the 
same way in ASV technique (refer to 4.7).   
The spiked water sample and real water samples were also used for Cd2+ to be 
adsorbed at optimum conditions (0.5% CNDs/PES membrane for a contact time of 
30 min at pH 5) and analysed using ICP-OES. The Cd2+ removed was 53.38, 100, 
24.27 and 28.66% from spiked water, real water samples from Linden & Wieman, 
IDZ and FNB pumps, respectively (refer to Table 4.6, Figure 4.28, Figure 4.29). In 
Linden and Wieman samples, 100 % cadmium(II) was removed whereas, less was 
achieved in other samples. This was due to the interferences or other organic 
pollutants in the matrix of IDZ and FNB pumps water samples which were competing 
for the active sides on the membrane and that resulted in low concentration of 
cadmium being removed from these samples [14].   
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When comparing the ASV and ICPOES techniques, both were able to detect 
cadmium(II) removed from the spiked water sample of which the values were 58.38 
and 53.15 %, respectively. But, when Linden & Wieman, IDZ and FNB water pumps 
samples were analysed, the bare GCE in ASV technique was unable to detect 
cadmium(II) due to the lack of sensitivity of the unmodified electrode. In future the 
electrode can be modified with nanomaterials to enhance its sensitivity towards 
cadmium(II) sensing. The ICPOES has proven to be a sensitive technique towards 
Cd2+ detection. 
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Table 4.7:  Analytical performance of 0.5% CNDs/PES membrane in 
removing Cd2+ from real water sample and comparison of 
ASV and ICPOES technique  
Method  
  
Sample  Concentration  
(mg/L)  
Concentration 
after adsorption 
(mg/L)  
Adsorptive 
capacity 
(mg/cm2)  
Removed (%)  
ASV  Linden & 
Wieman  
Undetected  Undetected  Undetected  Undetected  
  IDZ-Pump  Undetected  Undetected  Undetected  Undetected  
  FNB-2  Undetected  Undetected  Undetected  Undetected  
  Spiked tap 
water  
3.02  1.11  0.003  58.38%  
ICP-OES  Linden & 
Wieman  
0.01  0.00  0.00002  100%  
  IDZ-Pump  0.03  0.02  0.00002  24.27  
  FNB-2  0.005  0.004  0.000002  28.66%  
  Spiked tap 
water  
4.37  2.01  0.004  53.15%  
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Figure 4.28: Tap water spiked with 3ppm cadmium standard for ICP-OES 
detection of Cd2+  
  
Figure 4.29: Detection of Cd2+ in real water samples using ICP-OES 
  Chapter 4: Results and Discussion 
  
92  
4.9 Student t-Test  
The comparison of ASV and ICP-OES methods was applied at 95 % confidence 
level using n=3 of the spiked water sample. The value of tcritical (6.452) was greater 
than tobserved (4.303) for Cd2+. This result shows agreement with variation due to 
random error, thus a validation of the reported method. 
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CHAPTER 5 
CONCLUSION AND RECOMMENDATIONS 
_________________________________________________________________  
5.1 Conclusions  
Based on the previously mentioned aims and objectives of this study, from this 
dissertation it can be concluded that the study was successful. Consequently, the 
following conclusions and recommendations can be drawn:  
 The carbon nanodots were successfully attained after mechanically grinding. 
TEM analysis confirmed that the particles attained were in the nanodots 
which are well dispersed, uniform size and shape.  
 Pristine PES was successfully blended with CNDs to produce CNDs/PES 
composite membranes by phase inversion. FTIR analysis revealed the 
presence of hydroxyl groups in the modified membranes. Raman analysis 
further revealed that modified membrane maintained a good structural 
integrity.  
 SEM and AFM proved that the surface and cross section morphology 
changed with modification. The CNDs were found to affect both the surface 
and internal structure of the membrane.  
 Contact angle and flux analysis revealed that varying concentrations of the 
CNDs have an impact on the hydrophilicity of the membrane, due to the 
presence of carboxyl and COO- on the CNDs groups. The optimum 
conditions were observed to be at 0.5% CNDs/PES composite membrane, 
at pH 5 for 30 minutes contact time with an initial concentration of 0.5 mg/L. 
Therefore 0.5% CNDs/PES membrane was employed for real water samples 
and synthetic solution.  
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 The batch adsorption experiments were used to evaluate the performance of 
the membranes. ASV and ICP-OES were used to detect the concentration of 
Cd2+ removed using PES membrane composites. ASV detected more 
cadmium removal at optimum conditions with 95.71, 96.32, 97.69 and 
99.78% for pure PES, 0.01% CNDs/PES, 0.05% CNDs/PES and 0.5% 
CNDs/PES, respectively. ICP-OES cadmium(II) detection at optimum 
conditions was 80.92, 84.26, 85.11and 89.24% for PES, 0.01% CNDs/PES, 
0.05% CNDs/PES and 0.5% CNDs/PES.  
 Analysis of interfering studies suggested that Pb(II) seemed to compete for 
the active sites on the surface of the membrane. Therefore it was observed 
that this membrane can also be applied in co-adsorption of Cd(II) and Pb(II) 
simultaneously which can be applicable in real water samples.  
 Stability studies were done on the membrane and they displayed that the 
membrane was stable after 7days/being used 3 times. After this period, the 
membrane started to tear and the % removal decreased from 99.78 to 
95.56%.  
 The results confirmed that embedding the CNDs on the PES membrane did 
subsequently increased the heavy metal removal in water.  
5.2 Recommendations for future work  
 The 0.5% composite membrane had high affinity for Cd2+ and Pb2+ and this 
has been shown in this study. Thus, this membrane can be further optimised 
for co-adsorption of other ions such as Cu2+, Hg2+ and Pb2+.  
 This study was used as a proof of concept that indeed membranes blended 
with CNDs can selectively remove cadmium from both synthetic and real 
water samples. Thus, this system can be further be scaled up by the 
fabrication of CNDs/PES for pilot plant application  
  
98  
APPENDIX 1 
Table A1:  Flux results for Pure PES, 0.01% CNDs/PES, 0.05% 
CNDs/PES and 0.5% CNDs/PES  
  Flux (L.m-2.s-1)  
Pressure  
(kPa)  
Pure PES  0.01% 
CNDs/PES  
0.05% 
CNDs/PES  
0.5% 
CNDs/PES  
300  60.002  96.926  142.160  196.623  
250  43.386  65.541  82.157  158.776  
200  32.309  43.386  60.926  124.620  
150  29.540  29.540  41.540  108.927  
100  12.924  19.385  31.359  83.080  
50  6.462  11.077  23.078  50.771  
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Table A2: ASV current signals for the performance of pure PES, 0.01, 
0.05 and 0.5 % CNDs embedded on PES for the removal of Cd2+ and % 
removal of Cd2+   
  Current  %  
Removed  
Original solution  9.10E-06  0  
Pure PES  6.07E-06  33.3  
0.01% CNDs  5.73E-06  37.03  
0.05% CNDs  5.52E-06  39.89  
0.5% CNDs  4.84E-06  46.81  
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Table A3: ASV signals for effect of pH during the removal of Cd2+ 
standard solution by 0.5 %CNDs membrane  
pH  Current 1  Current 2  Current 3  Current (mean)  
pH 1 before  8.60E-06  5.07E-06  1.39E-05  9.18E-06  
pH 1 after  6.45E-06  8.03E-06  1.05E-05  8.32E-06  
pH 2 before  7.80E-06  8.49E-06  1.12E-05  9.17E-06  
pH 2 after  9.99E-06  7.46E-06  8.14E-06  8.53E-06  
pH 4 before  8.04E-06  7.96E-06  1.22E-05  9.41E-06  
pH 4 after  5.59E-06  5.07E-06  1.39E-05  8.17E-06  
pH 5 before  9.81E-06  1.50E-05  1.27E-05  1.25E-05  
pH 5 after  4.39E-06  3.26E-06  1.31E-06  2.99E-06  
pH 6 before  8.68E-06  9.31E-06  1.10E-05  9.68E-06  
pH 6 after  5.09E-06  4.34E-06  4.04E-06  4.49E-06  
pH 8 before  8.79E-06  8.27E-06  9.76E-06  8.94E-06  
pH 8 after  6.36E-06  6.73E-06  7.42E-06  6.84E-06  
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Table A4: % of Cd2+ removed at acidic and basic pH  
pH  % Removed  
pH 1  9.67  
pH 2  6.98  
pH 4  13.17  
pH 5  76.1  
pH 6  53.6  
pH 8  23.5  
 Table A5: ASV signals for effect of membrane contact time on Cd2+ 
removal   
Time  
(min)  
Pure  
PES  
0.01% 
CNDs/PES  
0.05% 
CNDs/PES  
0.5% 
CNDs/PES  
5  6.53E-06  7.43E-06  6.39E-06  6.27E-06  
15  6.21E-06  6.07E-06  5.88E-06  5.33E-06  
30  5.52E-06  4.94E-06  5.73E-06  4.84E-06  
60  6.53E-06  5.83E-06  6.31E-06  5.17E-06  
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Table A6: % cadmium removal during the adsorption of Cd(II) by Pure 
PES, 0.01% CNDs/PES, 0.05% CNDs/PES and 0.5% 
CNDs/PES membranes at pH 5  
Time  
(min)  
Pure  
PES  
0.01% 
CNDs/PES  
0.05% 
CNDs/PES  
0.5% 
CNDs/PES  
5  28.24  18.35  29.78  31.1  
15  31.76  33.3  35.38  41.43  
30  39.34  45.71  37.03  46.81  
60  28.24  35.93  30.66  43.19  
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Table A7:  ASV signals of the removal of Cd2+ from different standard 
concentrations (0.5,1,1.5,5 and 10ppm)  
  0.5 ppm 
Current  
1 ppm 
Current  
1.5 ppm 
Current  
5 ppm 
Current  
10 ppm 
Current  
Original 
solution  
1.02E-05  9.10E-06  1.22E-05  2.80E-05  4.88E-05  
Pure PES  4.38E-07  6.07E-06  1.17E-05  2.28E-05  5.10E-05  
0.01% CNDs  3.76E-07  5.73E-06  1.06E-05  2.45E-05  4.99E-05  
0.05% CNDs  2.35E-07  5.52E-06  9.51E-06  2.15E-05  4.70E-05  
0.5% CNDs  2.21E-08  4.84E-06  9.09E-06  1.06E-05  4.66E-05  
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Table A8: % cadmium removal by Pure PES, 0.01% CNDs/PES, 0.05% 
CNDs/PES and 0.5% CNDs/PES membranes at different 
concentrations  
  0.5 ppm  
% Removed  
1 ppm 
 % Removed  
1.5 ppm 
 % Removed  
5 ppm 
 % Removed  
10 ppm 
 % Removed  
Original 
solution  
0.00  0.00  0.00  0.00  0.00  
Pure  
PES  
95.71  33.33  4.22  6.95  -4.54  
0.01%  
CNDs  
96.32  37.09  12.89  12.39  -2.36  
0.05%  
CNDs  
97.69  39.30  21.85  23.22  3.64  
0.5% CNDs  99.78  46.79  25.32  62.14  4.36  
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Table A9: ASV signals for interference studies during Cd2+ detection 
under optimised conditions  
 Cd  Other metal  
  
Cd Before  8.46518E-05    
Cd after  1.86257E-07   
Cd+Pb before  7.05751E-05  5.06645E-05  
Cd+Pb after  4.77316E-05  2.42684E-05  
Cd+Hg before  7.99361E-05  2.45559E-05  
Cd+Hg after  4.3016E-05  2.63387E-05  
Cd+Cu before  6.88371E-05  4.85942E-05  
Cd+Cu after  4.6524E-05  2.07636E-05  
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Table A10:  % removed in membrane stability studies during Cd2+ 
electrochemical sensing using GCE under optimised 
conditions  
Day  %  
Removed  
1  99.78  
3  98.45  
5  98.11  
7  91.21  
  
Table A11:  ICP Intensity signals for the performance of pure PES, 0.01, 
0.05 and 0.5 % CNDs embedded on PES for the removal of 
Cd2+ and % removal of Cd2+  
  % Removed  Intensity  
Original solution  0  126834  
pure PES  25.57  94174.27  
0.01% CNDs  28.35  90876.59  
0.05% CNDs  30.64  87972.09  
0.5% CNDs  40.26  75770.65  
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Table A12: ICP intensity on the effect of pH during the removal of Cd2+ 
from 1 ppm standard solution by 0.5 %CNDs membrane  
pH  Intensity  
1 before  117558  
1 after  113854.9  
2 before  37627.9  
2 after  36200.9  
4 before  124912  
4 after  118392  
5 before  55895.7  
5 after  28612.7  
6 before  48809  
6 after  33361  
8 before  60173.3  
8 after  50443  
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Table A13:  ICP % of Cd2+ removed at acidic and basic pH  
pH  % Removed  
1  6.52  
2  8.25  
4  11.61  
5  60.54  
6  42.11  
8  17.36  
  
Table A14:  ICP intensities on the effect of membrane contact time on 
Cd2+ removal   
Time (min)  Pure PES  0.01%  
CNDs/PES  
0.05%  
CNDs/PES  
0.5% 
CNDs/PES  
5  98951.09  88137.09  94804.72  87037.76  
15  95426.08  84468.69  81600.89  76737.76  
30  88388.02  75088.59  76343.25  68158.07  
60  95999.64  85137.84  90443.28  70822.74  
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Table A15: ICP % cadmium removal during the adsorption of Cd(II) by 
Pure PES, 0.01% CNDs/PES, 0.05% CNDs/PES and 0.5% 
CNDs/PES membranes  
Time (min)  Pure  
PES  
0.01% 
CNDs/PES  
0.05% 
CNDs/PES  
0.5% 
CNDs/PES  
5  17.19  26.24  20.66  27.16  
15  20.14  29.31  31.71  35.78  
30  26.03  37.16  36.11  42.96  
60  19.66  28.75  24.31  40.73  
  
Table A16:  ICP intensities on the removal of Cd2+ from different standard 
concentrations (0.5,1,1.5,5 and 10ppm)  
 0.5 ppm Intensity  1 ppm 
Intensity  
1.5 ppm 
Intensity  
5 ppm 
Intensity  
10 ppm 
Intensity  
Original solution  122747.61  177316.3  241725.2  683642.2  1.13E+06  
Pure PES  23420.24  172302.2  225481.3  662039.1  1.13E+06  
0.01% CNDs  19320.47  121905  224393.5  598938.9  1.11E+06  
0.05% CNDs  18277.12  128483.4  197586.2  570362.7  1.11E+06  
0.5% CNDs  13207.64  107506.9  189464.2  568721.9  1.10E+06  
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Table A17: ICP % cadmium removal by Pure PES, 0.01% CNDs/PES, 
0.05% CNDs/PES and 0.5% CNDs/PES membranes at pH 5  
 0.5 ppm %  
Removed  
1 ppm %  
Removed  
1.5 ppm %  
Removed  
5 ppm %  
Removed  
10 ppm %  
Removed  
Original solution  0  0  0  0  0  
Pure PES  80.92  28.27  6.72  3.16  1.00E-03  
0.01% CNDs  84.26  31.25  7.17  4.62  1.28  
0.05% CNDs  85.11  27.54  18.26  16.57  1.69  
0.5% CNDs  89.24  39.37  21.62  16.81  2.19  
  
Table A18:  Interference studies during Cd2+ detection under optimised 
conditions using ICP  
 Cd ion  Zn ion  Hg ion  Pb ion  
Before 
adsorption  
100837  92582  48025.4  76095.56  
After adsorption  59493.83  88947  46948  40330.65  
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Table A19: Membrane stability studies during Cd2+ detection using ICP 
under optimised conditions at different days intervals.  
Day  % Removed  
1  87.22  
3  85.26  
5  84.87  
7  77.1  
 
